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ON WALDEN INVERSION. 


II. THE OPTICAL ROTATION OF THIOLACTIC AND 
CORRESPONDING a-SULFOPROPIONIC ACIDS. 


By P. A. LEVENE anp L. A. MIKESKA. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 3, 1924.) 


The aim of the work of which the present report represents 
a part was discussed in a previous communication.' It was 
there reported that when J/-2-mercapto-octane was oxidized 
to 2-octane sulfonic acid, the latter rotated in an opposite di- 
rection from that of the parent substance. It was also sug- 
gested that in other substances in which the radicals attached 
to the asymmetric carbon atom were of a different polarity, 
the oxidation of the thio derivative into the sulfonic acid de- 
rivative might remain without influence on the direction of 
rotation. A case of that nature is here reported. d-Thiolactic 
acid was oxidized to a-sulfopropionic acid which rotated in the 
same direction as the parent substance. 


HNH.COOH —— CH;CHBrCOOH —— CH;CH(SH)COOH —— CH;CHCOOHSO;H 


Levo. Substitute. Dextro. Substitute. Dextro. Without Dextro. 
substitution. 


Comparing the result of the reactions observed on methylhexyl 
carbinol and on lactic acid it was noticed that the conversion 
of the bromide into the thio derivative was accompanied with 
a change of direction of rotation in the alcohol and in the acid. 
Also, the oxidation of the thio derivative into the sulfonic acid 
was accompanied with a change of direction of rotation in the 
case of the alcohol and not in that of the acid. Further work 
on this problem is in progress. 


1 Levene, P. A., and Mikeska, L. A., J. Biol. Chem., 1924, lix, 473. 
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Walden Inversion 


EXPERIMENTAL, 


a-Thiolactic Acid—The JI-bromopropionic acid used in this 
preparation was prepared by the action of nitrosyl bromide 
on a-alanine according to the directions of Fischer and Warburg.” 
The acid had a rotation of [a], = — 21.65°. This acid (25 gm.) 
was dissolved in 65 ce. of water and neutralized with 8.58 gm.’ 
of sodium carbonate. The mixture was then treated with 28.6 gm..: 
of potassium xanthate and allowed to stand at room temperature 
overnight. 25 cc. of concentrated HCl were then added and 
the solution was heated on a steam bath for half an hour to de- 
compose any unchanged xanthic acid. The sclution was ex- 
tracted with ether, and dried over sodium sulfate. On removal 
of the ether, a crystalline residue remained. The total yield 
of the xanthate was 30gm. The optical rotation in ether solution 
was: 
2 + 1.82° X 100 
fale = HEP O™ 


D 1x473 ~ +885 


The xanthate was converted into thiolactic acid, according 
to Einar Biilmann.’ The xanthic acid was dissolved in a mixture 
of 200 ce. of absolute alcohol and 75 cc. of concentrated aqueous 
ammonia and allowed to stand at room temperature for 48 hours. 
The alcohol and ammonia were then distilled off under reduced 
pressure, the residue was rendered alkaline with ammonia and 
extracted with ether to remove the xanthogenamide. The residue 
was then acidified with hydrochloric acid and extracted with 
ether. The extract was dried over Na2SO,, the ether removed, 
and the residue fractionated. The fraction, boiling up to 95°, 
(p= 16 mm.), was discarded. The second fraction distilled 
at 95-100° (p= 16 mm.) and had a specific rotation of [a];= 
+ 19.90° without solvent. In another experiment the bromo- 
succinic acid had a rotation of [a], = + 33.81°, and the thiolactic 
acid prepared from it had a rotation of [a]; = + 38.32°. 

d-a-Sulfopropionic Acid.—11 gm. of d-a-thiolactic acid (fal, = 
+ 20°) were dissolved in 100 cc. of waterand cooled to 0°. Bromine 
was then added, little by little, with cooling until no more 
bromine was absorbed. The total volume of the solution at 


? Fischer, E., and Warburg, O., Ann. Chem., 1905, cecxl, 171. 
3 Biilmann, E., Ann. Chem., 1905, ecexxxix, 371. 
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the end of the reaction was 110 ce. The rotation of the solution 
was determined in a 1 dm. tube and was found to be +1.10°. 
The solution was concentrated to a small volume under diminished 
pressure, treated with an excess of barium carbonate, and filtered 
hot. On cooling, a white crystalline precipitate appeared. On 
concentration two more crops of crystals were obtained. The 
third fraction was recrystallized from water, dried, and analyzed. 


0.1050 gm. substance: 0.0128 gm. H2O and 0.0434 gm. COs». 


0.2966 “ ss 0.2318 “ BaSO, (for 8). 
0.0989 “ ” 0.0792 “ " ( “ Ba). 
C;H,0;BaS. Calculated. C 12.43, H 1.39, Ba 47.48, S 11.07. 

Found. "ee “ite * Ga Be 


0.5914 gm. of the above salt, equivalent to 0.314 gm. of d- 
a-sulfopropionic acid, was dissolved in 10 per cent hydrochloric 
acid, diluted to 10 cc., and gave a rotation of 

[ I + 0.33° X 100 


ab = —Txg14 ~ +1051 

















GROWTH AND REPRODUCTION UPON SIMPLIFIED 
FOOD SUPPLY. 


IV. IMPROVEMENT IN NUTRITION RESULTING FROM AN 
INCREASED PROPORTION OF MILK IN THE DIET.* 


By H. C. SHERMAN anp H. L. CAMPBELL. 


(From the Department of Chemistry, Columbia University, New York.) 


(Received for publication, March 20, 1924.) 


The work of Osborne and Mendel, Hart and Steenbock, and 
McCollum and coworkers has made familiar the fact that wheat 
does not constitute an adequate diet because of its insufficient 
content of calcium and fat-soluble vitamin, and that these de- 
ficiencies are readily supplied by milk so that adequate nutri- 
tion is possible on a food supply consisting of these two foods 
alone. 

Previous papers from this laboratory’ have shown that 
when dry milk constitutes one-sixth and ground whole wheat 
five-sixths of the food mixture the diet (Diet A) is adequate for 
growth and reproduction in the rat, normal nutrition having 
been maintained in some of our rat families for eight generations 
on this diet. If, however, the proportion of milk be increased 
from one-sixth to one-third of the solids of the wheat-and-milk 
mixture (Diet B), better nutrition results. 

That distinct improvements in nutrition can be brought about 
by alterations in a diet which is already adequate seems to us 
to be a fact of sufficient significance to warrant careful study. 
To be able to demonstrate conclusively, and to measure in quanti- 
tative terms, improvements in nutrition over what is already 
adequate may facilitate the advancement of our knowledge of 


* Published as Contribution No. 443 from the Department of Chemistry, 


Columbia University. 

1 Sherman, H. C., Rouse, M. E., Allen, B., and Woods, E., J. Biol. 
Chem., 1921, xlvi, 503. 

? Sherman, H. C., and Muhlfeld, M., J. Biol. Chem., 1922, liii, 41. 

* Sherman, H. C., and Crocker, J., J. Biol. Chem., 1922, liii, 49. 
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nutrition in more than one direction. For the fuller understand- 
ing of the relations of nutrition to physical efficiency it seems 
important to know as much as possible about the difference 
between adequate and optimum nutrition; and it is by quanti- 
tative work in this region that we may best hope to advance 
our knowledge of such difficult questions as, for instance, the 
significance of vitamin C in the nutrition of those animals which 
seem to be adequately nourished on food lacking this factor 
but to thrive somewhat better when it is supplied. By the same 
general methods we may also study quantitatively the require- 
ments of optimum adult nutrition as contrasted with the require- 
ments of growth or the minimum requirements of maintenance. 

We have, therefore, continued the investigation of the nu- 
tritive effects of the two diets above mentioned (Diet A, ade- 
quate, and Diet B, better), and have measured quantitatively 
on fairly large numbers of individuals certain differences in growth, 
in successful reproduction, and other evidences of efficiency of 
nutrition resulting from the feeding of the two diets, respectively, 
for several successive generations to families of rats from the 
same stock and which in all other respects lived under identical 
conditions and were treated in exactly the same way. Two 
‘independent series of such comparisons have been made, both 
of which are still being continued, but have now been carried 
sufficiently far to justify the presentation of the data and the 
drawing of the conclusions which follow. 


EXPERIMENTAL DATA AND DISCUSSION. 


The experimental animals were white rats, bred in this lab- 
oratory from Osborne and Mendel stock. As stated in their 
papers, this stock was originally obtained from the rat colony 
of the Wistar Institute, and during several generations of breed- 
ing in the laboratories of Osborne and Mendel has been rendered 
somewhat more resistant to disease by the systematic rejection 
of any weaklings appearing in the breeding stock. On the other 
hand there has been no attempt nor desire to increase the average 
size by selection of large individuals for breeding, and our rec- 
ords show average results in close accord with the weight curves 
published by Donaldson and King in 1915.4 


4 Donaldson, H. H., The rat, Philadelphia, 1915, 69. 
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In the first series the comparison began with rats taken at random~. 
from the same stock and was continued by keeping sufficient 
of their descendents to give from ten to twenty females on each 
diet in each generation with enough males to make satisfactory 
groups for breeding, the number of males being usually less than 
the number of females. The numbers just stated refer to rats 
kept upon their respective diets until after the end of their re- 
productive lives; growth and development were studied upon 
considerably larger numbers. 

Although the random choice of animals with which this compari- 
son began was carefully kept free from any conscious selection, 
later study of the records of these and other groups suggested 
a possibility that the families assigned to Diet A may have been 
naturally endowed with slightly smaller size and somewhat greater 
breeding capacity than those assigned to Diet B. 

In the second series any such possibility was guarded against 
by starting the experiment with parallel lots each of one male 
and three females, all the eight animals being of one litter and 
so divided into two lots that these had the same average initial 
weight. As all the original animals of the second series thus 
had exactly the same family history, and as they were of very 
even size, it is believed that differences appearing in the second 
series can with confidence be attributed to the difference in food 
alone. 

That this is essentially true of the first series also is strongly 
indicated by the fact that the same differences between the 
two diets are found in both series of experiments. 

The two diets used in the experiments described in this paper 
were: 

Diet A (Laboratory No. 16)—A mixture of one-sixth whole 
milk powder with five-sixths ground whole wheat and sodium 
chloride to the extent of 2 per cent of the weight of the wheat. 

Diet B (Laboratory No. 13).—A mixture of one-third whole 
milk powder with two-thirds ground whole wheat and sodium 
chloride to the extent of 2 per cent of the weight of the wheat. 

Other Experimental Conditions——Only distilled water was 
used. The animals were kept in all-metal cages. No bedding 
was used except for mothers with young less than 2 weeks old, 
and then consisted only of pure cellulose. The young were 
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separated from the mothers at the uniform “weaning” age of 4 
weeks and each rat was weighed at this time and at weekly inter- 
vals thereafter. Food consumption was determined for the same 
weekly intervals. 

The points of quantitative comparison chiefly considered in 
this paper are: The rate and economy of growth during the 
4 weeks following weaning, the general comparison of average 
size at different ages from weaning time to middle age, the time 
required to reach sexual maturity as indicated by the ages of 
females’ at birth of their first young, the duration of reproductive 
life, the success in bearing and rearing young, and the growth 
of the young during the suckling period. 


TABLE I. 


Rate of Growth as Shown by Gain in Weight during the 28 Days Following 
Weaning—the 5th to 8th Weeks, Inclusive, of the Life of the Rat. 























Description. r Bg Ny Diet A. Diet B. | Differences. 
Males. 
gm. | gm. gm. 
ee ccaceas 100 | 35.0 +0.7 | 82.0 +0.8 | 47.0 +1.0 
Ek Se ee 100 53.7 +1.5 | 84.0 +1.5 | 30.3 +2.1 
Combined............. 200 | 44.3 £0.9 | 82.9 40.8 | 38.6 41.2 
Females. 
| 
No ob acirgnesix-avn , 100 30.0 +0.6 | 59.0 +0.6 | 29.0 +0.8 
cde cigs cacan 100 44.0 +1.3 | 65.8 +0.9 | 21.8 +1.6 
ER ss 200 | 37.0 +0.8 | 62.4 +0.6 | 25.4 +0.9 








1. Rate of Growth.—It will be seen from Table I that for each 
sex and for each series the growth on Diet B was decidedly more 
rapid than on Diet A, and that the difference is so many times 
greater than its probable error as to make the demonstration 
indubitable. 

Since growth is thus plainly more rapid on Diet B, the question 
next arises whether this more rapid growth calls for an arith- 
metically proportional increase in the food intake or whether 
Diet B induces a more economical as well as a more rapid growth. 

2. Efficiency of Growth—The data of both series of experiments 
(Table IT) lead to the conclusion that Diet B is more efficiently 
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utilized for growth in that it induces a larger gain in weight per 
1,000 calories of food consumed; and the difference, being in 
both series well over ten times its probable error, is large enough 
to constitute an unquestionable demonstration. 

No distinction of sex is here made in connection with the data 
bearing on this point because our previous work® has shown it 
to be unnecessary, and because in the experiments here considered 
the young rats were caged in litters containing both sexes in 
order that breeding might occur as soon as sexual maturity was 
attained. 

8. Average Size.—Both the diets here studied permitted growth 
to normal adult size. Diet B, however, resulted in slightly 
larger average size at all ages both during growth and after 
growth had been completed (Table III). It is interesting to 


TABLE II. 


Efficiency of Growth as Shown by Grams of Gain in Body Weight per 1,000 
Calories of Food Consumed during the 5th to 8th Weeks, Inclusive, of 
the Rats’ Lives. 








Description. | Rs _ | * Diet A. a Diet B. Differences. 

a gm. | gm. | gm 
Ist series.............. 50 | 54.8 40.9 | 74.6 40.8 | 19.8 41.2 
. 2 eee 50 | 66.2 +0.9 | 79.4 +0.9 | 13.2 41.2 
Combined.............| 100 | 60.5 £0.7 | 77.0 +0.6 | 16.5 +1.0 





note that the average weights on Diet A are slightly below, and 
on Diet B slightly above the Donaldson-King averages of 1915.‘ 
The differences in size induced by the two diets here studied, 
while consistent and doubtless significant, are probably not of 
such great significance as are the differences in vigor reflected by 
the breeding records (Table IV). 

4. Time Required to Reach Maturity—The time required 
to reach maturity as measured by the average ages of the females 
on the two diets at the birth of their first young, is shown for 
the females of the first four generations of the first series in the 
first part of Table IV. Because of the special interest attach- 
ing to the compzrison of these data with those for the same in- 
dividuals on the other points discussed below, the comparison 
in Table IV is confined to the four groups of females on each 
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TABLE Tl. 


Average Weights of Rats on the Two Diets, Compared at Various Ages. 

















Males. | Females. 
Age. —— 
Diet A. Diet B. Diet A. Diet B. 
days gm. gm. gm. | gm. 
28 36.4 426 | 34.8 | 40.5 
30 38.6 47.0 | 36.6 44.3 
40 53.1 744.2 «| 49.0 66.5 
50 70.7 105.2 | 63.6 89.3 
60 91.1 138.7 77.6 110.4 
70 110.9 169.2 91.7 | 130.2 
80 130.2 192.2 | 104.4 147.4 
90 147.3 210.4 | 115.8 162.8 
100 162.4 224.3 «(| 12.6 | 168.8 
110 | 175.6 231.3 | 135.5 | 175.4 
120 187.1 247.1 146.0 | 182.1 
130 197.8 255.9 | 153.7 | 186.1 
140 207.5 | 264.6 | 160.9 | 189.9 
150 215.3 270.3 | 165.1 | 194.5 
180 237.3 288.2 | 178.2 | 203.9 
210 250.1 300.3 | 187.9 | 210.6 
250 259.7 306.3 | 196.2 | 216.9 
300 28.6 | 314.9 201.6 | 222.2 
350 270.4 315.1 . | 204.6 | 223.7 


400 269 .6 311.4 202.9 228 .6 








TABLE IV. 
Average Breeding Records of 64 Females on Diet A and 53 on Diet B.  (Rep- 
resenting the First Four Generations on Each Diet—Series I). 





| DietA. | DietB. | Differences. 





Age at birth of first young, days.... 16243 | 114643 | 46 446 
Duration of reproductive life, | 
NEE SENET 204 +9 | 324414 | 120 +16 
Average No. of young reared.... 5.6 +0.6 | 16.1 41.1 | 10.5 41.2 
Average weight of young at wean- 
NIN odd ed cas beh adnn | 32.9 +0.6 | 41.1 40.4; 8.2 +0.7 





diet whose breeding records were known to be entirely completed 
at the time of writing. Separate consideration of the first, second, 
third, and fourth generations of the series shows no significant 
deviations from the relation shown by the general averages as 
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presented in Table IV. It is plain that Diet B induced greater 
vigor as shown by earlier maturity. 

This conclusion is confirmed by the data from larger numbers 
of individuals which are collected in Table V. Both Tables 
IV and V show differences which are so many times larger than 
their probable errors as to give us entire confidence that a true 
difference of nutritive condition induced by the larger proportion 
of milk in Diet B than in Diet A has here been demonstrated 
to exist and to be capable of quantitative investigation. 


TABLE V. 


Average Breeding Records of Females of Both Series Combined So Far As 
Completed at Time of Writing. 





Diet A. Diet B. 
| 

wae } 

| No. of . No. of | 
| cases. | Average. | cases. | 





Differences. 


Average. 








| 
| 
| 
| 
| 
| 


| 
Age at birth of first | | : 
young, days......| 200 | 155+ 1.5} 200} 11241.1) 434 1.9 
Duration of repro- 
ductive life, days. 115 | 186 + 7.7} 129 | 322 + 8.9 
Average No. of | | 
young reared.....| 115 | 5.8 +4 0.5) 129/ 18.14 0.8)123+ 0.9 
Average weight of | | 
young at wean- 


136 + 11.7 





, 337 


ing,* gm..........| 673 | 34.0 + 0.5 2 | 40.3 + 0.3) 6.3 + 0.6 
Malest, gm......... | 231 ete ddbtn Bipend fh 3+0.265+ 0.3 
Femalest, gm....... | 290 | 32.6 + 0.1) 1,208 | 39.24 0.2/66+4 0.2 





* The data on this line are for the young of the same females whose 
records are given on the two preceding lines. 

+ These data for weight of young at the uniform ‘“‘weaning’”’ age of 
4 weeks are averages of all cases of such young on these two diets in our 
colony during the year Dec. 12, 1922, to Dec. 11, 1923, inclusive, an exact 
year being included in the comparison in order that any possible seasonal 
influence should apply equally to the families on the two diets. 


5. Duration of Reproductive Life-—As has been pointed out 
by McCollum, diet may influence the onset of senility. In 
our experiments we have not attempted to determine the date 
of onset of senility from the appearance of the animal, but have 
recorded the age at which each female lost the power of breeding 
as inferred from the date of birth of her last young, the females 
being always remated as soon as each litter of young was weaned. 
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We have considered the time from the beginning of the first 
pregnancy to the end of the last lactation as the duration of 
reproductive life. In counting this from the dates of birth of 
the first and last litters, 21 days is allowed for pregnancy pre- 
ceding the birth of the first litter; and 21 days for the suckling 
of the last litter if any of them are reared. (As already noted 
we allow the young to remain with the mother for 4 weeks; but 
during the 4th week suckling is rarely seen.) 

On Diet A the reproductive life of the females of the series 
shown in Table IV ceased on the average at 345 days; on Diet B, 
not until the age of 419 days. Thus the improvement in nutri- 
tion induced by Diet B extended the prime of life in both direc- 
tions, postponing old age in the same individuals in which it 
had induced earlier maturity, and very materially prolonging 
the duration of reproductive life. This has proved equally 
* true in both series (Tables IV and V). 

6. Success in Reproduction and the Rearing of Young.—The 
success is here expressed by showing the average number of 
total young per female which the females on the two diets reared 
to weaning age. This is shown for the most directly comparable 
groups whose records are yet complete in Table IV, and for the 
larger groups (including these and others) in Table V. 

Although individual variability is here a large factor, the 
examination of the data makes it entirely plain that the im- 
proved nutrition resulting from Diet B very greatly increased 
the capacity of the mothers to produce and rear young. 

The females on Diet B not only reared a larger number of 
young but also a larger percentage of the young born to them. 

On both diets some females failed to rear any young, but such 
cases of total failure were much fewer on Diet B than on Diet 
A. On Diet A, 48 per cent failed to rear young; on Diet B, 19 
per cent. 

7. Average Weights of Young at Weaning..—The weights of 
the young at birth do not vary greatly and in most of our work 
the individual weighings have been begun when the young are 
4 weeks old. At this age the diet is found to have exerted a 
considerable influence upon the growth of the young during 
the suckling period (TablesIV and V). Itis noteworthy that the 
females on Diet B have at the same time suckled a much larger 
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number of young and brought them to a larger average size 
at weaning time. 

Numbers of Cases Studied—Each of the data discussed in 
this paper is an average of observations on from 53 to 1,298 
individuals. 

TABLE VI. 
Food Consumption of Rats in Terms of Calories per Gram of Rat per Day, 
at Different Ages. 





























| Diet A. | Diet B. 
Age period. Series I. Series I. 
Ist-4th | General average. Ist—-4th General average. 
gencrations | generations. 
wks. 
5- 6 0.46 0.47 0.49 0.49 
7- 8 0.42 0.42 0.40 0.41 
9- 10 0.36 0.37 0.33 0.35 
1l- 12 0.33 0.33 0.29 0.30 
13- 14 0.30 0.30 0.2 0.27 
15- 16 0.29 0.28 0.24 0.25 
17- 18 0.28 0.27 0.24 0.24 
19- 20 0.27 0.26 0.22 0.24 
21- 22 0.25 0.25 0.22 0.23 
23- 24 0.26 0.25 0.21 0.23 
25- 26 0.26 0.24 0.22 0.23 
27-30 0.25 0.24 0.22 0.22 
31- 34 0.23 0.23 0.21 0.22 
35- 38 0.23 0.23 0.22 0.22 
39- 42 0.22 0.22 0.21 0.23 
43- 46 0.21 0.22 0.22 0.22 
47- 50 0.21 0.22 0.21 0.22 
51- 54 0.21 0.22 0.21 0.21 
55- 58 0.22 0.22 0.20 0.21 
59- 62 0.22 0.23 0.20 0.21 ° 
63- 66 | 0.21 0.22 0.21 0.21 
67-70 | 0.20 ‘ 0.21 0.21 0.21 
71- 74 | 0.22 | 0.21 0.20 | 0.20 
75-78 | 0.28 | 0.24 0.21 } 0.21 





Food Consumption——That the greatly improved breeding 
records shown on Diet B over those on Diet A cannot be attrib- 
uted primarily to a merely greater food consumption is shown 
by the records briefly summarized in Table VI from which it 
will be seen that the food consumption per unit of body weight 
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was practically the same on the two diets—once the period of 
rapid growth was passed—v1z., approximately 0.22 calorie of 
total food per gram of body weight per day, not including in 
the average the latter part of pregnancy and the period of lacta- 
tion. Systematic discussion of the relation of food consump- 
tion to the life cycle is deferred until a later communication, 
the present purpose being merely to point out that Diet B in- 
duced improvement in nutrition in other ways than merely through 
inducing a larger consumption of food. 

Cumulative Breeding Record.—As explained above, the initial 
animals of Series II were all from one litter, divided into two 
equal groups of one male and three females each. Starting 
thus exactly simultaneously and with precisely the same family 
history, each group and all its descendents were kept on its re- 
spective diet and allowed to multiply without restriction at 
such rates as the nutritive conditions resulting from their re- 
spective diets would permit, until 1 year from the date of birth 
of the original animals. The result was that at this time those 
on Diet A had a total of 77 descendents, and those on Diet B 
had 361 descendents, an increase of 368 per cent in the cumulative 
breeding record on Diet B over that on Diet A. 

Such use of the cumulative breeding record to compare the 
nutritive values of two diets both of which are adequate is well 
adapted to accentuate differences which might otherwise remain 
obscure, since the differences both in rate of reaching maturity 
and in successful reproduction are thus made to work together 
for the intensification of the numerical contrast in the final result. 
This method, however, makes severe demands upon time, space, 
and control of all experimental conditions; and if attempted upon 
a smaller scale the individual variability which is so striking a 
feature of breeding records might often lead to erroneous con- 
clusions. 

Growth and reproduction records such as those summarized 
in Tables I to IV are, therefore, recommended as more generally 
applicable. 

In these summaries of our data of such records we have ac- 
companied the quantitative statements of findings with esti- 
mates of their probable errors as computed by the classical method. 
Just how precise this method may be as applied to observa- 
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tions of this character cannot be stated with entire certainty 
at the present time, because elaborate studies of the frequency 
distribution of large numbers of such data have not yet been 
made; but for the kinds of measurements of which we have largest 
numbers, namely, weights of young at weaning time and rates 
of growth during the following 4 week period, the frequency 
distribution approximates so closely the theoretical (the sym- 
metrical bell-shaped distribution curve) as to lend confidence 
to the use of the probable error as an aid to judgment in the 
interpretation of the results. In view of this, the fact that all 
the differences here discussed have been measured for many 
individuals and found to be many times their probable errors, 
adds much to the confidence with which we may summarize 
the findings. 


SUMMARY. 


Starting with a diet which was shown to be adequate in that 
it supported growth, reproduction, and successful suckling of 
the young for generation after generation, it was found that 
an increase in the proportion of milk in this already adequate 
diet resulted in the following evidences of improved nutrition. 

1. More rapid growth, particularly as measured by the gain 
in weight during the period following weaning. 

2. More efficient growth during the same period as shown 
by greater gain in weight per 1,000 calories of food consumed. 

3. Somewhat larger average size at all ages. 

4, Earlier maturity as shown by age of female at birth of her 
first young. 

5. Longer duration of reproductive life, old age being deferred 
in the same individuals in which earlier maturity has been 
induced. 

6. Greater success in the rearing of young as shown by in- 
crease both in numbers and in percentage of young reared, and 
by decrease in percentage of females failing to bear and rear 
young. 

7. Better growth of young during the suckling period as shown 
by larger average weight at the uniform weaning age adopted. 

The better of the two diets here considered is probably capable 
of further improvement. 

Evidently there is not only a line to be drawn but a wide zone 
to be explored between adequate and optimum nutrition. 
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ANESTHESIA. 


By RAYMOND L. STEHLE ann WESLEY BOURNE. 
(From the Department of Pharmacology, McGill University, Montreal.) 


(Received for publication, March 20, 1924.) 


Not long ago (1) data were presented which showed that 
subsequent to the period of ether anesthesia in dogs there was 
an increased elimination of bases (sodium and potassium). The 
increase was especially marked when morphine was given prior 
to the administration of the ether. As a consequence of the 
general result it became a matter of interest to know what acid, 
if any, had accompanied the increment of bases. Several ex- 
periments similar to those already published were, therefore, 
‘earried out, and the urine was examined with this end in view. 

Lactic acid, acetone bodies, sulfuric acid, and phosphoric 
acid were sought for in the first two experiments. Lactic acid 
and acetone bodies were not detected and sulfuric acid showed 
no significant variations. Phosphoric acid, on the other hand, 
showed pronounced variations and attention was, therefore, 
concentrated upon it. Short (2) has already shown that a causal 
relation between acetone bodies and a low plasma bicarbonate 
is unlikely and Leake, Leake, and Koehler (3) have reported 
that there are no significant changes in the concentration of 
the acetone bodies of the blood as a result of ether anesthesia. 
It was regarded as superfluous to examine the blood for changes 
in the alkali reserve and hydrogen ion concentration since the 
variations which occur are now well established (1, 4,5, 6). Fast- 
ing dogs were employed which were catheterized as the periods 
required. 

The data (Table I) indicate a close parallelism between the 
excretion of bases and that of phosphoric acid in the anesthetic 
and postanesthetic periods, and there can be little doubt that 
the same relation would have been observed in the previously 
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reported experiments had the urine been examined for phosphoric 
acid. Chloroform appears to exert a more decided effect on 








TABLE lI. 
Experi- ick Te B= la Condition. | or tae HPO, 
ment No. | : | | K2S0, 
| No. | Length. | | 
hrs. | | gm. | gm 
1 1 24 Normal. | 0.531 
| 2 24 _ | 0.646 | 0.408 
| 3a | 3 | Ether. | 0.067 | 0.023 
3a Calculated to | | 0.536 | 0.187 
24 hr. basis. | 
| 3b | 21 | Normal. | 1.286 | 0.713 
| 3a+3b | | 1.353 | 0.736 
| 4 | Normal. | 0.452 
| | | 
2 1 24 Ln & | 
2 24 ” |} 0.824 | 0 708 
3a 3 | Ether preceded | 0.559 | 0.357 
| | 45 min. by 10 | 
| mg. morphine 
| per kg. 
3a | Calculated to 3.63 | 2.32 
| 24 hr. basis. 
3b 21 Normal. | 1.00 | 0.777 
3a+3b | | 1.56 | 1.13 
} 
3 1 24 | Normal. | 0.472 
s | 24 ii. 4% | 1.22 | 0.72% 
| 8a 3 | Chloroform. | 0.268 0.202 
| 3a | Calculated to | 2.15 | 1.62 
| | 24hr. basis. | | 
| | | | 
4 1 | 24 Normal. | 
rea 24 .. | 1.25 0.777 
3a 3 | Chloroform. | 0.121 | 0.079 
3a Calculated to | | 0.871 | 0.569 
24 hr. basis. | 
3b 21 Normal. | 1.89 | 1.24 
| 3a+3b | |} 2.01 +: 1.32 








Na, K, and P excretion than ether, but we have not followed 
this point further. 
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In order to obtain more precise information concerning the 
phosphoric acid metabolism during anesthesia, experiments 
upon dogs with bladder fistulas were carried out and the total 
phosphorus excreted was determined in the periods as indicated 
in the table! Food was withheld for 20 hours before each 
experiment. 

The micro method of Pregl, somewhat modified, was employed. 
The modification consisted in the process of ashing. This was 
done by evaporating 1 cc. of urine in a Pyrex tube over a free 
flame with 5 drops of sulfuric acid and about 1 ce. of 30 per cent 
hydrogen peroxide (Merck’s “superoxol’’). 

In the case of simple ether anesthesia, anuria (Experiments 
7 and 12) or varying degrees of oliguria develop. Consequently, 
most of the simple ether experiments shew a diminished phosphorus 
excretion during anesthesia. There are exceptions to this rule. 
For example, in the two experiments with Dog 4 there was an 
increase in the rate of phosphorus excretion. It would appear, 
then, that the increased phosphorus excretion on the experimental 
day in the long experiments first cited must be due to an increased 
rate of excretion occurring some time subsequent to the cessation 
of the anesthetic. This period cannot be immediately after 
the anesthesia period because in those experiments in which 
the urine of postanesthetic periods was examined the rate of 
phosphorus excretion in these periods was lower than the control 
rate. 

When morphine was given as a preliminary to ether, in eight 
experiments out of ten there was a diminished phosphorus excretion 
in the morphine period followed by an increased excretion in the 
ether period. This subsequent increase was most marked in 
several of the experiments with Dog 2. Dog 1 in two instances 
responded rather with an increased chloride excretion during the 
ether period than with an increased phosphorus excretion. An 
attempt will be made to explain this augmented excretion of 
phosphorus in discussing the rat experiments which follow. 

The source of the phosphoric acid noted was investigated 
next. We expected to find a decrease in the phosphorus content 


‘ Urea and chlorides were determined in all the experiments here de- 
scribed and will be published elsewhere because of their bearing on the 
theories of urine excretion. 
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of one or more tissues, and selected as those most likely to show 


changes, the brain, the liver, and the muscles. 





Experi- | 
ment No. | 


collection. | per min. | per min. 


TABLE IU. 
Urine P 





Ether experiments. 





10 


12 


13 


14 


15 


17 


19 





.41 
.50 


.46| 0.400 





cc. 6] omg. | 





05, 0.068| 0.014; Ether 
16) 0.000 | 
.30| 0.076 | 0.006 

| | | 

| 
40! 0.121 | 0.079 | Ether 
15) 0.020 | iat 
45} 1.11 | 0.065] Ether 
55} 0.00 | 


7-5.27| 0.09 | 0.0083| 
.23} 1.03 | 
. water by stomach tube at 12.30 p.m. 


0.0068; 


10} 0.132} 0.342 | Ether 1.10-2 
25} 0.077 | 0.498 | 

.24| 0.176 | 0.378 | 

57} 0.127 | 0.126 | 

28} 0.166 | 0.152] Ether 3.08-5 
22} 0.066 | 0.029 | 
5.02} 0.105 | 0.118 | 

11} 0.83 | 0.479| — Ether 2.11-3 
'20| 0.085 | 0.542 

00! 0.112 | 0.467 


5.18} 0.139 | 0.018 | 
. water by stomach tube at 12.30 p.m. 


| 
| | 


0.59 | 0.393 
0.13 | 0.268 | 





52} 0.21 | 0.356 
44) 0.168 | 0.216 Ether 1.44-2 
54) 0.018 | 0.021 
23) ont 0.016 


0.106 











Ether 1.41-2 
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TABLE U—Concluded. 






































Experi- | D Time of Urine Pp 
--, 4 No olndion. a. per min. Remarks. 
Morphine-ether experiments. 
p.m. | ce. mg. 
4 2 5.6.08 0.17 0.085 | 10 mg. morphine sulfate per 
3.21-+4.01; 0.19 0.054 kg. at 3.11 p.m. 
6 2 1.31-2.11} 0.099 | 0.034 | 10 mg. morphine sulfate per 
2.21-3.21} 0.081 | 0.012| kg. at 2.21 p.m. 
3.21-4.31); 0.049 | 0.085 | Ether 3.21-5.41 p.m. 
4.31-5.41; 0.064 | 0.327 
9 2 1.45-2.45} 0.101 | 0.061 | 10 mg. morphine sulfate per 
3.05-4.05} 0.043 | 0.031 kg. at 2.45 p.m. 
4.15-5.15) 0.150 | 0.297 | Ether 4.05-5.15 p.m. 
“1 2 | 1.35-2.05| 2.4 0.0348} 10 mg. morphine sulfate per 
2.27-3.07; 0.26 0.0914) kg. at 2.05 p.m. 
3.15-4.45| 0.24 | 0.673 | Ether 3.09-4.45 p.m. 
400 cc. water by stomach tube at 12.15 p.m. 
16° 2 1.53-2.33} 0.92 0.0284) 10 mg. morphine sulfate per 
2.34-3.44 0.07 | 0.0087} kg. at 2.34 p.m. 
3.49-4. 59) 0.15 0.0456) Ether 3.444.59 p.m. 
4.59-5.09} 0.19 | 0.0433) 
150 ec. water by stomach tube at 1.35 p.m. 
18 4 2.33-3.13} 0.102 | 0.164 | 10 mg. morphine sulfate per 
3.42-4.42) 0.045 | 0.025 kg. at 3.35 p.m. 
4.47-5.47| 0.154 | 0.568 | Ether 4.42-5.47 p.m. 
20 2 1.39-2.09] 2.1 0.294 | 10 mg. morphine sulfate per 
2.25-3.20) 0.0 0.000 kg. at 2.10 p.m. 
3.23-3.48] 0.136 | 0.175 | Ether 3.56-5.54 p.m. 
4.07-5.22) 0.05 
5.22-5.54| 0.24 0.467 
80 cc. water at 10.00 and 11.00 a.m., and 12.00, 1.00, and 
2.15 p.m. 
21 + 1.30-2.10} 0.22 0.355 | 10 mg. morphine sulfate per 
2.32-3.32| 0.11 0.143 kg. at 2.25 p.m. 
3.38-3.48} 0.17 0.478 | Ether 3.32-4.38 p.m. 
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White rats were anesthetized under bell jars by passing in 
& mixture of air and ether vapor. At the end of 2 hours they 
were killed by concentrating the ether. Controls were killed by 
strangulation. The bodies were allowed to rest for a time in 
order to diminish the bleeding which occurs when the liver is 
removed. In all but the last experiment the respective tissues 
of the control and etherized animals were assembled in single 
samples for the analyses. In the last experiment the muscle and 
liver of each rat were analyzed individually. This was done in 
order to obtain some information concerning individual varia- 
tions in presumably uniform animals. All samples were ashed 
with a mixture of sulfuric and nitric acids and aliquot portions 
were taken for the analyses. For determining phosphorus the 
molybdic acid-magnesia mixture method as described by Tread- 
well (7) in which the phosphorus is finally weighed as the pyro- 
phosphate was employed. For the ash determinations a portion 
of the digest was evaporated and then ignited below red heat. 
In those cases where sodium and potassium were determined the 
method was that outlined in the paper mentioned (1). 

Regarded in connection with the Meyer-Overton theory of 
narcosis it would appear that the nervous system lipoids might 
be involved. A perusal of the data of the following experiments, 
however, indicates that ether anesthesia is without influence upon 
the phosphorus content of the brain. The variations observed in 
the phosphorus contents of the liver and muscles were surprising. 
Instead of a decrease in the case of one or both there was an 
increase in the case of the former and a decrease in the case of 
the latter. The results are given in per cent. 


Experiment 1.—Animals of unknown history and averaging 163 gm. in 
weight, purchased in one lot, were used. Six females (non-pregnant) 
were employed for the controls and six males for determining the action 


of the ether. 














Controls. | Ether. 
Muscle. | Liver. | Brain. Muscle Liver. Brain. 
| NasSO, | | NasSO, Na:SO, | Na2SO, 
P a - | oe , . ~ e-] + 
K2S0O, | KeSO, | | KeSO, | KeSO, 








| 
= | | 
1.21 | 0.826! 1.15 | 1.07 





0.768| 1.22 (0.738) 1.14 | 1.09 | 0.712) 
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Experiment 2—Animals of unknown history were employed. Four 
females (non-pregnant) averaging 150 gm. in weight served as controls 


and six males averaging 160 gm. served for determining the action of 
the ether. 








Muscle. 4 Brain. | Muscle. 


Na2SO, | NasSO, | Na2SO, 
P 4. > P + 
K2SO, 


0.804! 1.07 |0.722) 0.96 1.08 | 0.736) 1.12 


hy, = j 
| KeSO, | } 


K2S0, 


| 0.777; 0.96 | 1.08 





Experiment 3.—Animals of unknown history and averaging 250 gm. 
in weight were employed. 


Four males served as controls and four fe- 
males (non-pregnant) for determining the action of the ether. 


Controls 
| 


Muscle. | Liver. | Brain. Muscle. Liver Brain. 


| Na2SO, 


——| Paes — 
Na2SO, | Na2SO; 
Se ee eee ee P  § PA oft P 
K2S0, K2SO, K2SO, | Ks 


P 


Na2SO, | 


ancl j i —— | — a Sees — 
0.750} 1.07 (0.694) 0.958 | 1.03 | 0.729) 1.13 | 0.737) 0.965 | 1.01 





Experiment 4.—The animals here employed were non-pregnant fe- 
males averaging 250 gm. in weight and of unknown age. They were pur- 
chased from E. V. B. Douredoure, Philadelphia. Fifteen served as con- 


trols and twenty-four for determining the action of ether. 





| 
Muscle. 





P | Ash. 





Ash. P Ash. 


0.691; 1.45 747| 1. .02 | 0.676; 1.44 | 0.758) 1.43 
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Experiment 5——The animals herein employed were similar to those of 
Experiment 4, but they were males and averaged about 275 gm. in weight. 





Controls. Ether. 





Muscle | Liver | Liver Muscle | Liver 
> | | Ash. s P. P. 
0.670 .48 
0.751 46 
0.733 45 
0.698 44 
0.604 31 
0.648 .28 





669 
719 
7 


736 
.686 
733 
665 
701 
720 
701 
.699 
694 
.698 
690 


88 
18 
26 


8 
8 


708 
734 
755 


‘ 
.827 
.864 








coooosssososco 
cooooooococe 








Average.... 721 | 0.684 | 1.40 | 0.702 
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.770 








In Experiments 1, 2, and 3 the animals which served for the 
controls and those to which ether was administered were of dif- 
ferent’ sexes, but this appears to be without influence upon the 
general result. In Experiment 4 more animals were employed 
and, considering their source, one would expect them to be of 
more uniform nature. The changes in the composition of the 
muscle and liver were smaller than in the previous experiments, 
but the variations were in the same directions. 

In Experiment 5 animals from the same source as those used 
in Experiment 4 were employed. One is struck by the large 
individual variations in both control and experimental animals. 
The exceed the differences between the averages, and are so 
large as to raise some doubts as to the validity of drawing con- 
clusions from the data. However, in the five experiments here 
reported, 78 animals in all were used and in all the experiments 
the variations observed were always in the same direction. 

There is another way of regarding the data of Experiment 5. 
One would expect, for example, in those rats which showed tlie 
greatest change in the phosphorus content of the muscle compared 
with the control average to find the greatest increase in the liver 
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phosphorus as compared with the control average, and where 
the change is slight in the case of muscle tissue to find corre- 
spondingly little change in the liver phosphorus. When examined 
in this way the plausibility of the general conclusion is strengthened, 
Likewise, as a general rule, the muscle phosphorus of the control 
rats is greater than the liver phosphorus, but in the etherized 
rats this relation is reversed. 

It is possible that the definiteness of the results obtained in 
this investigation would have been of a more decided nature 
had the phosphoric acid fractions been studied individually 
instead of in toto. It may be, for example, that only the inorganic 
fraction of the tissues undergoes change, though there is evi- 
dence: that lecithin and lipoids generally, as well as fat, appear 
in increased quantity in the blood during ether narcosis (8, 9, 10). 

The observation of Lange and Miiller (11) that muscle fibers 
respond to long, deep narcosis by an increased elimination of 
phosphoric acid is in harmony with the results here presented. 

The experiments just reported render inadequate the view that 
the increased phosphorus excretion observed in some of the simple 
ether experiments and in all the morphine-ether experiments 
was due to a discharge of phosphorus from one or more tissues. 
The data necessitate a different hypothesis concerning the cause 
of the lowered alkali reserve which develops during ether anes- 
thesia. One sequence of events which appears somewhat probable 
is the following. During ether anesthesia phosphoric acid leaves 
the muscles unaccompanied by an equivalent amount of base 
(see data concerning base content of tissues in the rat experi- 
ments). This acid enters the circulation and partly neutralizes 
the alkali of the blood, thus lowering the alkali reserve. Because 
of depressed kidney activity the resulting alkali phosphates are 
not excreted while anesthesia endures, but are deposited, at least 
in part, in the liver, and only excreted or redistributed later 
when kidney function is more completely resumed. 

The period in which this excretion or redistribution occurs 
has been mentioned in describing those experiments performed 
upon dogs with bladder fistulas. When ether alone is employed 
this takes place hours after the period of anesthesia, while in the 
case of morphine and ether the excretion begins promptly on 
beginning the ether and sometimes is ten times greater than the 





26 Acidosis in Anesthesia 


rate of excretion of phosphorus in the control period. Concom- 
itant with this increased excretion of phosphorus the urine al- 
ways gave a positive Fehling test, due probably to the presence 
of dextrose; Fehling’s test was positive in only one case of simple 
ether anesthesia. The prompt appearance of relatively large 
amounts of phosphoric acid in morphine-ether anesthesia we 
believe to be due to some interference with the capacity of the 
liver to hold the phosphorus which, as indicated by the rat ex- 
periments, is ordinarily deposited in the liver in simple ether 
anesthesia. This idea is supported by the glycosuria which occurs 
in the morphine-ether experiments and which may be due to 
some action of the morphine in exaggerating the glycemia of 
ether anesthesia by disturbing the carbohydrate metabolism 
of the liver. 

In two instances we have determined the phosphorus content 
of the blood plasma during the control and morphine-ether periods, 
but, contrary to our expectation, found no increase. In a number 
of experiments in simple ether anesthesia we have also examined 
the blood before and after various durations of anesthesia and 
found, sometimes, increases and in other cases no change. The 
results are given in Table III. Brigg’s modification of the Bell- 
Doisy method was employed. 

Thus it is seen that the inorganic phosphoric acid content 
of the plasma increased in only about half of the experiments. 
However, it is evident that the phosphoric acid cannot be in the 
liver and in the blood as well, and failure to observe an increased 
content of inorganic phosphorus in the blood in all cases does not 
militate greatly against the view herein expressed. 

Accompanying the increase in phosphorus content of the liver 
one might expect an increase in the sodium and potassium con- 
tents of the liver. However, the data of the rat experiments show 
no significant change in this regard. Of course, it is conceiv- 
able that the phosphorus in this case is associated with ammonia, 
but this does not throw any light on the whereabouts of that 
portion of the alkali metals which, before the anesthesia, was 
present in the blood as bicarbonate. There’ is a possibility of 
its having entered the corpuscles. 

When no increase in the liver alkali was observed, assuming 
for the moment that free phosphoric acid entered the liver, it 








the 
tiss 





R. L. Stehle and W. Bourne 27 


was regarded as worth while to look for an increase in the hydrogen 
ion concentration of this organ. Two rats were used as controls 
and two were anesthetized with ether for 35 and 120 minutes, 


respectively. 














TABLE III. 
Dog No. Anesthesia. Inorganic P per 100 cc. plasma. 

pi | min. <— . - 
Control. 6.3 
1 0 6.1 
1 75 | 6.3 

Control. | 
2 20 5.5 
2 120 8.9 
Control. 3.8 
3 60 6.8 
3 120 7.4 
Control. 4.4 
4 120 4.9 
4 180 5.2 
Control. 2.9 
5 30 6.7 
Control 7.4 
6 60 6.8 
Control. 5.7 
7 60 5.8 
Control. 5.9 
8 40 6.4 
Control. 5.9 
9 60 5.9 
Control. 4.0 
10 165 6.7 











In the case of each animal the liver and muscle tissues from 
the thighs were ground with finely divided Pyrex glass and the 
tissue was then dialyzed against distilled water for 20 minutes, 
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the contents of the collodion tube being stirred mechanically 
during the process. The determination was made electrometri- 
cally. At no time was any precaution taken to prevent the es- 
cape of COs. 











Control rate. Ether rate. 
Muscle pH. Liver pH. Muscle pH. | Liver pH. 
5.80 6.85 5.97 | 6.92 
6.04 6.78 6.14 | 7.06 





Instead of an increase in the acidity of the liver a decrease 
is exhibited. In the case of muscle tissue any change is doubt- 
ful though a decreased acidity is indicated, as one would ex- 
pect, if phosphoric acid as such was discharged into the blood. 
Neglecting the failure to observe any increase in the base content 
of the liver by direct determination there is evidence in the pH 
measurements for such an accumulation. On the whole, however, 
it must be admitted that the problem of the whereabouts of the 
blood alkali during the anesthesia period is not elucidated in 
this communication. 


CONCLUSIONS. 


Data are presented which indicate that the excess of base 
excreted after a period of ether anesthesia is accompanied by an 
approximately equivalent quantity of phosphoric acid. The 
phosphoric acid appears to leave the muscles during the anes- 
thesia and to sojourn in the liver until the reassumption of kidney 
function after the recovery of the animal when it is redistributed 
and partially excreted. 

When morphine is administered as a preliminary to etheri- 
zation a marked excretion of phosphorus occurs as soon as the 
ether is begun. This is attributed to an action of the morphine 
upon the liver which renders it incapable of retaining phosphorus. 

It is suggested that the low alkali reserve and increased acidity 
of the blood in ether anesthesia is due to the discharge of phos- 
phorie acid from the muscles. 
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ON THE PREPARATION OF INSULIN. 
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(From the Laboratory of Biological Chemistry, Washington University 
Medical School, St. Louis.) 


. 
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The procedure for the preparation of insulin outlined by us 
in an earlier abstract (1) was a modified form of the method first 
used successfully by the discoverers of insulin as described by 
Collip and coworkers (2). Retaining the use of alcohol for ex- 
traction the three important points added by us, and as a result 
of which great increases in yield and of purity were attained, 
were: (a) the use of much strong acid during the alcohol extrac- 
tion, (b) the precipitation of the active substance from the crude 
aqueous solutions by ammonium sulfate, and (c) the precipita- 
tion of the insulin from the semipurified solutions by adjusting 
the reaction to pH 5 to 6. 

The use of strong acid insures the solution of the insulin and 
prevents its destruction by proteolytic enzymes during extrac- 
tion and subsequent evaporation. The precipitation by half 
saturation with ammonium sulfate accomplishes a complete 
separation from about nine-tenths of the accompanying proteins 
contained in the first extract and concentrates the activity in any 
desired volume. By precipitation of the insulin by adjust- 
ing the reaction to about pH 5, preparations were obtained of 
such activity that about 0.2 mg. of substance per kilo caused 
typical hypoglycemia and convulsions in rabbits weighing about 
2 kilos. The yield of material of this or greater activity was by 
this procedure at least 500 “per kilo rabbit units’’ from each 
kilo of beef pancreas. 

The purpose of this paper is to report the further purification 
of the product prepared by the method previously described 
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and as later improved, and to review the process of preparation 

. in the light of the properties of the “insulin-protein.”’ Since the 
activity expressed by the word “insulin,” is (when obtained 
from beef pancreas at any rate) constantly associated with what 
appears to be a single, fairly well characterized protein, it becomes 
possible to formulate somewhat more rational methods for its 
extraction and purification than could be done before the physi- 
cal and chemical properties of the product were known. 

In consequence of the reviews of the literature contained in 
recent papers on this subject, we may omit detailed comment 
on other methods of insulin preparation. Attention may be 
called especially to the papers by Collip and coworkers, 1922 
(2), Best and Macleod, 1923 (3), Murlin and associates, 1923 
(4, 5), Best and Scott, 1923 (6), Witzemann and Livshis, 1923 
(7), Dudley, 1923 (8), and Fisher, 1923 (9). 


The ‘ Insulin-Protein.”’ 


Although it would be premature fo claim that our most active 
product zs insulin, it behaves as an individual, fairly well charac- 
terized substance, which so far we have been unable to fraction- 
ate. Different preparations, purified by different methods, have 
the same properties and substantially the same degree of activity. 
Furthermore, we have not encountered active insulin prepara- 
tions from which we were unable to isolate the characteristic 
substance. The last statement must be limited to preparations 
from beef pancreas; we have not used other material. For in- 
sulin of pancreas, the activity appears to be associated only 
with a single constituent. The purified insulin to which we re- 
fer is a protein, giving distinct biuret and Millon reactions, 
but negative glyoxylic acid reaction for tryptophane. Its activity 
is indicated by the fact that on injection into rabbits about 
0.05 mg. (a conservative estimate) of dry substance per kilo 
of body weight causes convulsions and marked hypoglycemia, 
and on this basis about 0.03 mg. may be taken as 1 standard 
Toronto unit. (For a 2 kilo rabbit, (0.05 x 2) + 3 = 0.033 
mg. for 1 unit.) In view of the above facts and of the rapid 
destruction of the activity by proteolytic enzymes (7, 8) we are 
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inclined to the view that the activity is a property of this protein, 
and not of a still more potent admixture.' 

If the view is correct that the activity is a property of “insulin- 
protein,” it should be of great importance: in affording a basis 
for.the chemical assay of the substance. The present methods 
of physiological assay are tedious, difficult, and uncertain for 
quantitative purposes, and the ideal method is obviously the 
isolation and weighing of the active principle. Although we feel 
that our data alone are insufficient to establish the identity of 
insulin, we have been strongly impressed with the quantitatively 
very similar, if not identical, activity of our different “pure” 
preparations of ‘‘insulin-protein,’’ purified by different methods, 
and with the fact that these different preparations appear to 
have otherwise the same properties. 

As will be explained below we have separated from the “iso- 
electric insulin-proteins’’ described in our first report, two dis- 
tinct proteins of less or no activity, and it is possible that the 
substance which we now call ‘‘insulin-protein”’ is still composed 
of more than one protein, only one of which is active. We have 
no evidence to disprove such an hypothesis. Whether or not 
insulin is identical with the ‘‘insulin-protein”’ can be determined 
only by the result of further efforts to separate and concentrate 
the activity. 

The view above expressed (and suggested in our first report), 
that insulin is a protein, is in line with the conclusion of Dudley 
(8), but is contrary to the opinion first stated by Best and Macleod 
(3), and more recently by Murlin (5), who base their opinion that 


1 Tf insulin is not a protein and is present only as an admixture in puri- 
fied ‘‘insulin-protein’”’ it must have very high activity indeed. It could 
scarcely be present in amount more than 5 per cent of the weight of the 
“insulin-protein.’’ That fraction of the quantity of ‘‘pure’’ ‘‘insulin- 
protein’ which frequently gives convulsions in 1 kilo rabbits (0.01 to 
0.02 mg.) would be 0.0005 to 0.001 mg. and this when distributed in the 
blood and tissues of the animal would give a concentration of the active 
principle of about 1 in 1 or 2 billion. This would be five to ten times the 
remarkable activity observed by Abel and coworkers (10) with their ‘‘pitu- 
itary tartrate,” 0.01 mg. of which is required to produce rise of blood pres- 
sure on injection into cats. By the same sort of calculation the effective 
convulsive concentration of the ‘‘insulin-protein” itself would be of the 
order of 1 in about 50 million. Considering that it is a convulsive dose, 
either concentration expresses a very high degree of potency. 
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insulin is not a protein chiefly on the fact that some of their active 
solutions failed to give the biuret reaction. That evidence is, 
however, not necessarily conclusive for the reason that the test for 
activity considerably exceeds in delicacy the biuret reaction. 
Moderately pure preparations of “‘insulin-protein,”’ diluted so that 
about 1 ce. is required to produce marked hypoglycemia and con- 
vulsions in rabbits (0.01 per cent or less of protein), are too dilute 
to show the biuret reaction. We are therefore inclined to suspect 
that the conclusions of Macleod and Best and of Murlin on this 
point have resulted from their use of too dilute solutions for the 
protein tests. In concentrations of 0.02 per cent (which corre- 
sponds to at least 5 “‘units”’ per cc.) or more, our purest (7.e. most 
active) preparations give an unmistakable biuret reaction, and 
according to analyses to be reported later by one of us, are beyond 
question protein in nature. Whether it is a derived protein or is 
present as such in the pancreas it is impossible at present to 
decide, though we incline to the latter view. 

Much the most useful property of the “insulin-protein,”’ for 
purposes of its separation from other substances and its puri- 
fication, is its relative insolubility at a reaction of approximately 
pH 5,.reported in our earlier communication (1). Following a 
partial purification of the crude extracts, this property affords 
an ideal separation, which has been adopted by the manufacturers 
(11, 12).? 

In the absence of more than traces of salts, the range of its 
precipitation zone is between about pH 4.4 to 5.8, with optimum 
flocking out near pH 5, which doubtless represents approximately 


2? When this point was first communicated by one of us (P. A. 8.) to 
Messrs. C. H. Best and D. A. Scott and, a few minutes later to Dr. G. H. 
A. Clowes, at Toronto, on December 28, 1922, it was unknown in the 
Toronto laboratory, though Dr. Clowes stated that it had been inde- 
pendently discovered in the laboratory of Eli Lilly and Co. (see outline 
of Lilly process, J. Am. Med. Assn., 1923, Ixxx, 1851). Recent examin- 
ation (December, 1923) of two vials of ‘“Insulin-Lilly,’’ ‘““H-10” from 
the stock of the Barnes Hospital, showed it to contain 0.07 mg. of solids 
(non-volatile at 110°C. and leaving no weighable ash on combustion) 
per labelled unit. The solids consisted of ‘“insulin-protein,” together 
with some of the ‘‘pH 4-proteins.”” These preparations were, therefore, 
according to our standards, of a high degree of purity, being about half 
as active as our best “‘insulin-protein’’. 
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its isoelectric point. It dissolves clear at pH 4 and at pH 6, and 
beyond this zone on either side, presumably in the form of acid and 
alkali salts.* 

In the presence of even low concentrations of inorganic salts, 
especially sulfates, the range at which it precipitates is modified 
by being extended on the acid side. Solutions at pH 4 or at some- 
what more acid reactions, which in the absence of salts are clear, 
are at once precipitated on the addition of small amounts of sodium 
or ammonium sulfate. Other salts have a similar, though less 
marked, effect and because of this effect salts must be removed for 
separation of the “insulin-protein” from the other “isoelectric 
proteins” to be described later. Alkali salts do not show such 
effects on the alkaline side of the isoelectric point, although at pH 
about 6 their presence may interfere with the separation just 
mentioned because of extending the precipitation zone of a less acid 
protein to be mentioned below. Moderate concentrations of salts 
have also the effect of slightly increasing the solubility of the 
‘isoelectric proteins” within the precipitation zone. 

Higher concentrations of salts, one-third to one-half saturation 
with ammonium sulfate and saturation with sodium sulfate or 
chloride, cause practically complete precipitation of the “insulin- 
protein’ (and also of some other accompanying proteins) even at 
acid reactions far above its isoelectric range. 

In alcoholic solutions, up to about 80 per cent, the purified 
“insulin-protein” is also quite soluble, but only in the form of its 
acid or alkali salts. At reactions near its isoelectric point, that is, 
in the form of isoelectric protein, it is little more soluble in dilute 
alcohol than in water. If a moderately strong aqueous solution 
is either slightly acidified with HCl or made alkaline with NaOH, 
or NH,OH, it may be diluted with alcohol up to about 80 per cent 
without causing precipitation. From such clear alcoholic solu- 
tions the insulin is promptly precipitated on the addition of dilute 
alkali or acid to a reaction near the isoelectric point. On further 
increasing the alcohol concentration or adding ether, precipitation 
takes place even in the presence of an excess of acid, the com- 
pleteness of precipitation depending upon the amount of acid 
excess as well as upon the alcohol concentration. If precipitated 


3 As pointed out by Dudley (8), it is precipitated also by 3.3 per cent 
HCl. It is even less soluble in about 5 n H.SO, than in HCl. 
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at pH 5 in aqueous solution, the addition of alcohol does not 
dissolve it. The activity is quite stable in the form of its acid salt 
and is less stable or unstable in the presence of excess alkali (7, 8). 

Further information concerning the reactions and composition 
of the “insulin-protein”’ will be given in a later paper by Doisy and 
Weber. 

Contaminating Isoelectric Proteins—On adjusting the reaction 
to. about pH 5, there separates from solutions of crude insulin 
(such as obtained by the Collip method or by dissolving in water 
the first half saturation ammonium sulfate precipitate) a pre- 
cipitate which usually contains, in variable amounts, at least three 
proteins. One is the “insulin-protein” above described, and the 
other two are very similar in behavior except that each has, in the 
absence of salts, especially sulfates, a different range of precipi- 
tation, presumably due to different isoelectric points. All are 
precipitated at pH 5, especially in the presence of sulfates, con- 
tained in the solution referred to. One, which we term the “pH 
8-isoelectric,”’ has its optimum precipitation, in absence of salts, 
about pH 7 or 8 at which reaction both the “insulin-protein”’ 
and the third, the “pH 4-isoelectric,” are quite soluble. Since low 
concentrations of alkali salts have little effect upon the solubility 
range on the alkaline side of the isoelectric points, the “pH 8- 
isoelectric’ protein may be easily removed by adjusting the 
reaction with dilute ammonia to pH 7 or 8, at which reaction it 
precipitates, while the others remain in solution, even in the pres- 
ence of some sulfates. 

The purified “pH 8-protein” is not active on injection into 
rabbits. Different lots of the separated “‘pH 8-protein”’ have been 
injected in amounts from 0.17 to 4.3 mg. per kilo without causing 
symptoms or convulsions. (In a series of twelve rabbits, one 
which received 0.3 mg. had a convulsion after 3 hours.) 

In the presence of sulfates, the ranges of precipitation of the 
“‘pH 4-isoelectric’”’ and of the “insulin-protein” are so fused that 
their separation by fractional precipitation is difficult. But if 
both be precipitated together from such solutions at pH 5, the salt 
may be removed by washing by centrifugation several times with 
water at pH 5. On dissolving the combined precipitate in dilute 
acid (HCI or acetic) the “pH 4-isoelectric” precipitates on bringing 
the reaction to pH 4, at which reaction a large part of the “insulin- 
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protein” remains in solution. The substance which separates at 
pH 4 is, however, active, in all probability due to its carrying down 
some of the “insulin-protein.”” From such precipitates by repeated 
fractionation we are able to separate typical “insulin-protein,”’ 
though we have not so far succeeded in removing all sugar lower- 
ing activity from the “‘pH 4-isoelectric” fractions. From the fact 
that such “acid’’ fractions appear to decrease considerably in their 
activity, we are inclined to suppose that the activity is due to 
contamination with the “insulin-protein.” 

We shall describe in a later section the procedures which we find 
preferable for the separation of the isoelectric proteins. 


The Alcohol-Soluble Protein. 


The aqueous solutions left after the evaporation of the alcohol 
from the first extracts of the pancreas hash, and after filtration 
from the fats and fatty acids, contain besides the “isoelectric 
proteins” described above, a protein which is in part precipitated 
with them by half saturation ammonium sulfate and is character- 
ized by its ready solubility in alcohol up to about 80 per cent, and 
its insolubility in higher concentrations of alcohol.. It is not pre- 
cipitated from water or dilute alcohol on adjusting the reaction 
and thus may be separated from the “isoelectric proteins.” 

When present in relatively high concentration in solutions from 
which the “insulin-protein” is to be precipitated, it, however, 
considerably interferes with and renders incomplete that precipi- 
tation. This is often the case with solutions of the first (NH,)sSO, 
precipitate and especially with preparations obtained by the 
Collip method which consist chiefly of “alcohol-protein.” (The 
success of the Collip method largely depends upon the fact that 
precipitation by strong alcohol of this “alcohol-protein” carries 
down with it varying amounts of the active “insulin-protein.’’) 
In such cases it is advantageous to reprecipitate once or twice by 
0.4 saturation ammonium sulfate, which each time carries down 
substantially all the “insulin-protein” with progressively smaller 
amounts of the “alcohol-protein.” In this way we have often 
obtained considerable amounts of “insulin-protein” of typical 
behavior and activity from solutions which failed to yield much 
precipitate on first adjusting the reaction. 
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If the relative amount of “alcohol-protein” is not too great 
simple dilution of the solution often increases markedly the yield 
of “isoelectric proteins.” 

The purified solutions of this “alcohol-protein” carry some 
activity, but its activity is relatively small and is not more than 
can be explained as due to the presence of traces of the “insulin- 
protein” which it is difficult or impossible to remove completely. 
It is not unlikely that this “alcohol-protein” is a group of 
proteins, and may include the toxic substance described by 
Fisher (9). It requires further study. 


The Choice of Acid for Extraction. 


As already noted, the use of much strong acid during the alcohol 
extraction of pancreas hash is essential to high yield. To this the 
Toronto workers agree (6). In our earliest preparations we added 
sufficient mineral acid (HCl, H.SO,, H;PO,, or HNO;) to keep 
the alcoholic liquid acid to Congo red paper during the 
extraction. To this fortunate step is doubtless due the fact that 
from the first our preparations were remarkably active. The 
amoynts of acid used were 10 to 40 cc. of 10 N for each kilo of 
pancreas. A large part of the acid is absorbed by the undissolved 
protein, with the formation of acid protein salts, and only by 
providing an excess can the desired reaction of the solution be 
secured. From the properties of the “insulin-protein” above 
described, it is now evident that to insure its solution the acidity 
should be safely above pH 4 and far above in the presence of salts. 
In order to secure a pH of about 3, at least 200 cc. of N acid are 
required for each kilo of pancreas. The buffer action of the pro- 
teins is so great that considerably more will be absorbed before 
the reaction becomes very strongly acid. In our earlier abstract 
we recommended 40 cc. of 10 N acid per kilo. This is unneces- 
sarily great, half or three-fourths that quantity being sufficient 
and preferable. Less than this amount, according to our exper- 
ience, is insufficient for good yield. 

Table II contains data showing that the yield of activity with 
2.5 ec. of 10 N HSO, was less (probably much less) than one- 
eighth as high as with 20 cc. of 10 N acid per kilo of hash. With 
the smaller amounts of acid only very small amounts of “‘isoelectric 
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proteins” and of activity were obtained; and with increasing 
amounts of acid the yield of “‘isoelectric protein” increased, 
parallel with the increase of activity. 20 to 30 cc. of 10 N acid per 
kilo of pancreas appear to be the optimum amount. ; 

Of the common mineral acids, sulfuric is, according to our 
experience, the best. It causes minimum swelling of the hash 
with resulting rapid filtration and large volume of filtrate. Hydro- 
chloric and phosphoric acids are objectionable because of their 
swelling effect, making filtration slow and yield of filtrate small. 
This difficulty can be in large part avoided by neutralization 
of the acid before filtration. Neutralization, however, greatly 
increases the salt concentration, and in theory, at least, endangers 
loss of insulin by precipitation. This danger can probably be 
avoided by neutralization to pH 7 or 8, on the alkaline side of the 
precipitation zone. But in this there is the practical difficulty that 
the combined acid of the undissolved acid protein salts is liberated 
slowly with consequent constant change of the reaction of the 
liquid. Furthermore, the solubility of other inactive proteins is 
changed on neutralization and extracts prepared with HCl (and 
alcohol), followed by neutralization, contain larger amounts of 
protein with corresponding difficulty in later purification of the 
active fraction. In spite of these objections successful prepara- 
tions can be made with HCl, and in our earlier preparations 
with this acid the product was considerably lighter in color 
than those from the use of sulfuric acid. It is our impression, 
however, that the yield of activity with HCl, due to the necessity 
of neutralization, is apt to be lower than with H,SO,. With 
suitable quantities of H.SO, filtration is quite rapid without 
neutralization and by its omission not only may the danger of loss 
of activity by precipitation be avoided, but less of other con- 
taminating protein is contained in the first acid extract and the 
whole process is considerably simplified. 

Filtration without neutralization and the evaporation of the 
acid extract has another important advantage, besides those 
above mentioned. During the alcohol extraction a very con- 
siderable saponification of fat occurs, due doubtless to the lipase 
and the favorable effect of the alcohol on the solution and dis- 
persion of the fat. If the extracts be evaporated at nearly neutral 
reaction, some of the fatty acid separates as alkali or protein 
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soaps which emulsify the remaining fat and proteins and thus make 
very troublesome their separation and filtration. But if the 
extracts remain rather strongly acid (pH + 3) during evaporation, 
the fat and fatty acids separate in a form which allows their sub- 
sequent complete removal by simple filtration through wet paper, 
and leaves the “‘insulin-protein” together with minimum adimix- 


TABLE I. 


Nitrogen Content of Pancreas Extracts and Insulin Preparations at 
Different Stages.* . 





Acidity of 























| | | Filtered | First A 
Prepare. | a : | Atestest | 1 | SO." | “Isoelectric Bae 2 
ties We. | N acid per kg. | extras | after | precipi- | protein | evaporation 

eon evapora- tate. precipitate. of alechol 

| } | tionof | Protein | (electro- 
alcohol. | N. metric). 
ce. vols. | mg.N | mg.N mg. N |mg. solids pH 
94 20 HCl 1.5 | 3,950 | 273 
97 15 HSO, | 1.5 | 2,690; 117 | 14 93t 
95 20 « | 1.5 | 3,780 | 245 | 21 | 140+ 
98 o « | 1.2 | 2,140] 204 | 28 | 185f 
96 45 “ | 1.2 | 4,110 | | 23 | 153t 
108 2“ 1.5 | 2,430) 182 | 17 | 114t 
118 0 (15 | | 5.6 
1ll-a 2.5 H:SO,|} 1.5 | 2,550 | | 
W1b} 5 “ | 1.5 | 2,840 | | 5.0 
lic} 10 « 1.5 | 2,410 | | | sg 
llid| 15 1.5 | 2,250 | | 3.5 
llle| 20 “ 1.5 | 2,090) 182 | 8t | 53 3.1 
112 20 “ 1.5 | 1,554) 171 | 7t | 48 3.1 
113 20 ad 1.5 1,554 | 157 5.4¢| 36 
114 20 +“ | 1.5 | 3,400} 230 1/10 | 67 
117 30 * £314 > 28 | 19 126 | 26 
116 22 acetic. | 1.5 | 3,600 | | Very small. | 4.5 








* Results expressed per kilo of pancreas hash. 
t Calculated from nitrogen determinations, assuming 15 per cent nitro- 
gen, or vice versa. 


ture of other proteins in the perfectly clear filtrates. For this 
reason, if the first extracts are neutralized, they should be acidi- 
fied (to Congo red paper) before evaporation. Unless the acidity 
of the solution at the time of filtration is pH 3 or greater, a con- 
siderable part of the “‘insulin-protein” is undissolved and is re- 
moved with the fat. 
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Tablé I contains data showing the reaction of the first extracts, 
after evaporation of alcohol and filtration from fat, for different 
amounts of acid used in the extraction of the pancreas hash. The 
extracts were made as described later (p. 43) except for the vary- 
ing amounts of acids used. The determinations of pH were made 
by the electrometric method. It will be seen that when no acid 
is added, the reaction of the first crude aqueous extract is pH 5.6; 
with 5 cc. of 10 Nn H.SO,, pH = 5.0; and with 10 ce. of 10 N acid, 
pH = 4.4. With 22 cc. of 10 N acetic acid, used by the Toronto 
laboratory as described by Best and Scott, the reaction was pH 
4.5. All these reactions are within the zone of precipitation of the 
‘{nsulin-protein,” and as one would expect from this fact, the yield 
of “insulin-protein” and activity is with these amounts of acid 
relatively small. The “insulin-protein,” obtained with the smaller 
amounts of sulfuric acid and with acetic acid, was not weighed, 
but from its volume on precipitation and centrifugation, was 
manifestly very small. This was the case even with 22 cc. of 10 N 
acetic acid. 

The results, given in Table II, of injecting the crude extracts 
into rabbits, indicate the relative yield of activity from these 
preparations. An amount of extract equivalent to 4 gm. of pan- 
creas per kilo of rabbit weight of the 2.5 cc. of 10 N acid prepara- 
tion, to 2 gm. of the 5 cc. of 10 N acid preparation, and to 1.5 gm. 
of the 10 and 15 cc. of 10 N acid preparations, showed only little, 
although increasing activity, while an amount of isolated ‘‘insulin- 
protein” (0.026 mg.) representing only 0.5 gm. of pancreas of the 
preparation with 20 cc. of 10 N acid gave convulsions with blood 
sugar of 0.047 and 0.048. The pancreas used was from the same 
batch in all these preparations, and it is clear from the data that 
the amount of acid used, and the resulting hydrogen ion concen- 
tration, were the main factors responsible for the different yields. 
The low yield with small amounts of acid is probably due both to 
poor extraction from the pancreas and to precipitation during 
evaporation and loss with the fat on filtration. We did not deter- 
mine separately the amount removed with the fat, and, therefore, 
cannot decide at which stage the greater loss occurs. Both during 
alcohol extraction and later filtration of aqueous extract the 
reaction was doubtless unfavorable for the solution of the “insulin- 
protein.” 
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The other data of Table I concern the amount of nitrogen con- 
tained in extracts and fractions at different stages of the prepara- 
tion. The first crude aqueous solutions after the evaporation of 
alcohol and filtration contain from 1.5 to 4.0 gm. of nitrogen per 
kilo of-hash. Duration of extraction, concentration of alcohol, and 
the amount of acid added, all influence the amount of protein ex- 
tracted. The total amount of protein extracted bears no constant 
relation to the yield of “‘insulin-protein” or of activity. The 


TABLE II. 


Illusirating the Effect of Amount of Acid Used for Extraction upon Yield 
of Activity. 





| Amount injected Blood sugar 
| per kg. rabbit Pe ee ee 
td Rab- | Weight — 

ESP Ns |perks:| be | of | | ee fy 
pan- | No. | rabbit. | Equiva- Ober. | 2.5 lee. 2.0 25 | 3.0 3.5 
creas. | | tee _ of | hrs. | hrs. hrs. hrs. 

| protein. oe | | 

gm. | mg. | gm. | } | 

llla| 2.5 | 74 | 3,270) | 4.0 | Nosymptoms. | 105 | 
111 b} 5.0 | 400 | 3,600 2.0 | | 79 

111 ¢ | 10.0 | 300 | 2,960 | 1.5 | 56 | 

111d} 15.0 | 70} 2,770 |} 1.0] 62 | 100 | 

35 | 2,860) |} 1.5] 78 | | | 144 
lll e} 20.0} 36 | 2,720) 0.078; 1.5} 43C | 

991 | 2,720) 0.052 | 1.0 | 2% |C | 34] C] 

91 | 3,080) 0.026 | 0.5 70 | 61 | 47 | 

43 | 2,120) 0.026 | 0.5 | 48C | C Cc 

80 | 1,800} 0.022} 0.4] 51) 60 | | 

60 | 2,550! 0.01 | 0.2 63 | | 95 











All prepared as described on page 43, except for different amounts of 
sulfuric acid in extraction of pancreas hash. C indicates typical hypo- 
glycemic convulsions. 





first crude extracts obtained by the procedure recommended in a 
later section yielding high activity, commonly contain 2 to 3 gm. 
of nitrogen; while as much or more nitrogen may be contained in 
extracts having only very little activity. 

On precipitating the first crude extract by half saturation 
ammonium sulfate, the nitrogen content of the precipitate (after 
removal of ammonia by boiling with MgO and alcohol) is usually 
about one-tenth or less of the original, 0.15 to 0.25 gm. of nitrogen 
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per kilo of hash. The solution of this precipitate yields on adjust- 
ing the reaction to pH 5 (from successful preparations) about 0.05 
to 0.16 gm. of total “isoelectric proteins,’ equivalent to about 
0.007 to 0.025 gm. of N. By the successive use of ammonium 
sulfate and isoelectric precipitation, the activity is thus concen- 
trated in less than 1 per cent of the material contained in the 
first alcoholic extract. 

In this first precipitate the “insulin-protein” is contaminated 
with the accompanying “isoelectric proteins.’”” When they are 
more or less completely removed, as later described, there should 
be left at least 0.05 gm. of fairly pure “‘insulin-protein” for each 
kilo of pancreas. The figures given in Table I for the amount of 
crude “isoelectric proteins,” include for preparations Nos. 94 to 
108, considerable “pH 4-’ and ‘“‘pH 8-isoelectric proteins;’’ while 
the amounts stated for later preparations, Nos. 111 to 117, repre- 
sent the yield of fairly pure “insulin-protein’” by extraction and 
precipitation of the first crude precipitate by buffers of known 
pH as described on page 45. 

Taking 0.05 gm. as a conservative estimate of the amount of 
“‘insulin-protein” obtained from 1 kilo of beef pancreas, we may 
calculate that the content of “insulin-protein”’ in pancreas is 0.005 
per cent. 

Method of Preparation. 


It may be stated in connection with the following description of 
the process for the preparation of insulin that we have used only 
common laboratory facilities, and have not had at our disposal 
high vacuum stills, continuous centrifuges, or other aids which are 
doubtless of importance for large scale production. Neverthe- 
less, the process is smooth and simple and can be depended upon 
to yield without difficulty highly active preparations. (We are 
using it as a class exercise with medical students.) 

Fresh beef pancreas is finely hashed by passing twice through 
a meat grinder. We commonly add 20 or 30 ce. of 10 N H.SO, to 
each kilo of hash, and mix by stirring, before passing the second 
time through the grinder. If there is much delay in grinding, 
this is probably desirable. With a rapid motor-driven grinder 
it is not necessary. If the acid has already been added, add 
1,500 ce. of 95 per cent alcohol: otherwise add that amount of 
alcohol and 20 or 30 cc. of 10 N acid per kilo of hash. Mix well 
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by stirring. After standing at room temperature for 4 to 12 hours, 
with occasional stirring, the mixture (without neutralization) 
is poured on large filters. The filtration is rapid, though it is 
convenient to allow it to drain overnight. The residue on the 
filters is pressed in a hand-press and the press-liquid filtered. 
A reextraction of the residue with 60 to 70 per cent alcohol, 
slightly increases the final yield. The combined filtrates (total 
without reextraction, about 2,100 cc. per kilo) are evaporated 
at low temperature. We have used a horizontal tunnel through 
which a current of warm air (40-45°C.)is blown by a motor fan, 
and in which the filtrates are placed in glass photographic develop- 
ment trays. The temperature of the liquid during evaporation 
in our apparatus is 25-30°C. 

When the odor of alcohol is gone, and the volume reduced to 
one-tenth or less, the liquid is poured on moistened filter paper. 
(It is sometimes necessary to add water during evaporation to 
avoid too great concentration before all aleohol is gone.) Filtra- 
tion is rapid and the separated fats and proteins are thus easily 
removed. The trays and filter are washed repeatedly with small 
amounts of water until the clear filtrate has a volume of about 
200 cc.* for each kilo of pancreas used.® 


‘ This apparatus does not provide for recovery of alcohol, which is 
blown to the outside air. (Its evaporation in a closed room caused an 
explosion.) Since only 1.5 to 2 liters of alcohol are used per kilo of pan- 
creas, yielding 1,000 to 2,000 “‘units” of insulin, the alcohol, if tax-free 
or denatured, represents only a small item in the cost of production. 

5 At this dilution the subsequent precipitation by ammonium sulfate 
carries down less ‘‘alcohol-protein” than when the extract is more con- 
centrated. Because of its effect in interfering with the later precipita- 
tion of the “‘isoelectric proteins,’’ it is desirable to remove most of the 
“alcohol-protein’’, and for this purpose a second precipitation with some- 
what smaller concentration of (NH,)2SO, is advantageous. 

® The grayish brown precipitate on the filter, consisting chiefly of fat 
and fatty acid with some protein, contains also some “insulin-protein”’ 
which with high acid extraction is scarcely worth recovering. If recovery 
is desired the precipitate is well stirred with water acidified (Congo red 
paper) with HCl or H,SO, and warmed to about 60°C. The mixture is 
then cooled in the ice box and filtered cold through moistened paper. The 
filtrate is precipitate with ammonium sulfate, the precipitate dissolved, 
and the isoelectric proteins are separated at pH 5, as described for the 
main fraction of the extract. The material recovered in this way appears 
to be less active than the main fraction, and we prefer not to combine them. 
Whether the lower activity is due to greater contamination or to injury of 
the insulin is undecided. 
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tween pH 2.5 and 3.1) add 40 gm. of (NH,).SO, for each 
and dissolve with stirring. On standing for some hou 
ice box the precipitate congeals and sticks to the walls 
ring rod, and allows the liquid to be poured off with 
The brown gummy precipitate is dissolved in water and the‘tiquid 
diluted to about 100 cc. for each kilo of pancreas hash, and ‘sy 
again precipitated by the addition of two-thirds its volume of 
saturated (NH,).SO, solution. On standing some hours in the 
ice box the precipitate (much smaller in amount than before) 
congeals and sticks to the walls, the liquid is poured off, and if 
necessary, is centrifugated to avoid loss of small particles of the 
gummy material. The precipitate is dissolved in water with the 
addition of enough 0.1 n NH,OH to make the reaction just dis- 
tinctly yellow to methyl red (pH 6 to 8), which dissolves the 
‘“‘insulin-protein,”’ but, if the reaction is not too alkaline, leaves ° 
undissolved any ‘‘pH 8-protein’” which may accompany it. The 
solution is centrifugated and poured off from the dark colored 
precipitate, the latter being reextracted with water if desired. 
The combined solutions are diluted to about 100 cc. for each 
kilo of pancreas. On adding dilute acetic acid to about pH 5 
(about midway of the color change of methyl red), a flocculent 
precipitate forms, which after standing some hours, is centrifu- 
gated out, washed with water at pH 5, and dissolved in a slight 
excess of 0.1 N HCl. From the mother liquor on standing for 
some days in the ice box, and by adding more acetic acid, more 
precipitate usually forms which is active, and is removed, dissolved, 
and added to the main fraction. This solution, although con- 
siderably colored and containing some admixed “‘pH 4-protein”’ 
is probably sufficiently pure for experimental or clinicaluse.?- From 
50 to 100 mg. of this material are obtained from each kilo of 
pancreas hash, the larger amounts probably containing more of 
the “acid protein.” 
It is preferable to purify further the material as follows: The 
above mentioned precipitate, formed after adding acetic acid 
to about pH 5, after washing with water by centrifugation once 






































7 Prior to February, 1923, such preparations were used with diabetic 
patients in the St. Louis Children’s and Barnes Hospitals, without evidence 
of any objectionable effect. 
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or twice to remove sulfates, is dissolved in a measured volume 
of +0.1 N acetic acid (5 or 10 cc. for each kilo of pancreas rep- 
resented by the precipitate). Add exactly 20 per cent of the 
equivalent of NaOH. This mixture (acetic acid, one-fifth 
neutralized) gives a pH close to 4, at which reaction the “insulin- 
protein” is soluble while the “acid protein” in large part precipi- 
tates. After standing in the cold room some hours the precipi- 
tate is centrifugated out and washed by a second centrifugation 
with a smaller amount of water. (The buffer solution remaining 
in the precipitate suffices to maintain the pH of the wash water.) 
To the combined, often opalescent, supernatant solutions add 
an additional amount of NaOH corresponding to exactly one- 
half the equivalent of the acetic acid used. This gives a solution 
of acetic acid, seven-tenths neutralized, the pH of which is close 
to5. At this reaction the “insulin-protein” separates at once and 
‘(after some days in the ice box if greatest possible recovery is 
desired) is removed by centrifugation, washed once or twice with 
distilled water, and dissolved in water by the addition of a few 
drops of dilute HCl. 

The material obtained in this way, although of high activity 
or purity, probably contains some “pH 4-isoelectric” protein. 
Its solutions in,slight excess of HCl are usually slightly opalescent, 
at pH 4 are dissolved but not quite clear, and in fairly concen- 
trated solution are more or less colored. By removing the “acid” 
fraction by precipitation at pH 4.3 instead of 4.0, the final solu- 
tions are less colored, and more nearly free from the “pH 4- 
protein,” although the product gains but little in activity, at 
the cost of much loss of material. Repeating the fractionation 
at pH 4 is less costly. The activity of the buffer-purified “insu- 
lin-protein” is indicated by the data in Table III, from which 
it would appear that 0.03 to 0.05 mg. per kilo represents a unit 
dose; for a 2 kilo rabbit (2 * 0.03 or 0.05 mg.) X 4 = 0.02 or 
0.033 mg. as 1 standard Toronto unit. On this basis the yield 
may be estimated as from 1,500 to 2,500 “units” per kilo of 


pancreas. 

By fractional precipitation from 80 to 95 per cent alcohol by 
addition of small amounts of acid or alkali, lighter colored (color- 
less) and apparently more active preparations have been secured. 
Table IV gives data to illustrate the activity of such alcohol- 
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purified preparations, from which it would appear that even 
0.01 mg. per kilo is perhaps a unit dose. From the fact that such 
preparations were colorless and dissolved clear at pH 4 and 6, 
they were doubtless purer than those precipitated only from 
water, though we hesitate to conclude how much the activity 
was increased. 

We are not disposed to urge the acceptance of these estimates 
of the amounts which represent a “unit,”’ but prefer to leave the 
data to the reader’s judgment. The great variability in the re- 
sistance of different rabbits to insulin has made its quantitative 
assay in our hands very uncertain. Only by closest attention in 
the selection and care of the rabbits, and by discarding those 
not in good condition, can fairly concordant results be obtained. 
Many of our animals were used repeatedly at intervals of a week 
or two, and at various times some had a respiratory infection 
(“‘snuffles’’) which seems to decrease resistance. All were fasted 
24 hours before the injections. Rabbits fresh from the country are 
apt to be more resistant than after they have been kept for a 
time in the laboratory, even though they gain in weight and seem 
to be in good condition. In the face of these variations we ven- 
ture no very exact statement as to how much “insulin—protein”’ 
represents a “‘unit,’’ and are willing that the reader reach his 
own opinion from the data given in the tables. When, as above, 
definite quantities are mentioned in relation to units, it is to be 
understood that this qualification applies. 
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TABLE V. 


Summary of Assay of Some Early Preparations, Purified by Repeated 
Solution and Precipitation at about pH 6. 



































No. of rabbits showing: 
> . .Times Injected mg. No. of = No 
PRO.” |"watersolution at | Pe" ka.otrabbit | rabbits [rood | SEmRtons 
0.055 or nt. ed 
lowers | femained, 
55 Crude. 0.25 to 0.3 3 3 0 
55 P 5 0.4 2 2 0 
0.2 to 0.25 9 9 0 
0.18 9 5 4 
0.13 2 0 2 
6 mos. later. 0.10 to 0.20 3 3 0 
D 20 0.2 to 0.3 7 7 0 
0.15 to 0.19 14 11 3 
0.13 1 1 0 
59-1 10 0.2 to 0.25 4 3 1 
60-1 4 0.16 to 0.28 7 4 3 
6 mos. later. 0.12 to 0.20 3 2 1 
60-2 4 0.17 to 0.21 6 5 1 
Undoubtedly contained “‘pH4-’’ and “‘pH 8-proteins’’ as well as ‘‘insu- 


lin-protein.”’ 


The following few examples will indicate the activity of differ- 
ent preparations. Table V illustrates the activity of the proteins 
separated by adjusting the reaction to about pH 5, of solutions 
prepared by the method outlined in our earlier abstract (1). 
The data given for Nos. 55 and 59 show that the activity of the 
isoelectric precipitate persists through its repeated solution and 
reprecipitation. The figures also appear to indicate that simple 
reprecipitation without a separation of proteins at particular 
reactions, accomplishes but little purification. On evidence of 
the sort contained in Table V, we based our earlier estimate of 
about 0.25 mg. per kilo as the rabbit unit. That estimate was 
probably overly conservative, for in a few cases the injection of 
much smaller amounts gave convulsions and very low blood sugar. 
The product from these early preparations undoubtedly contained 
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contaminating ‘‘isoelectric proteins.’”’ At the time these prepa- 
rations were worked with, we had not clearly realized the existence 
of different proteins in the “isoelectric protein” fraction. Later 
preparations by improved methods showed activity from much 
smaller amounts, as illustrated in Table III, and we are disposed 
to believe that the difference is due in large part to smaller con- 
tamination with inactive “isoelectric proteins,’ and in part to 
our failure to inject smaller amounts of the early preparations. 
The products obtained by our improved method of preparation 
(which contain very little “acid” or ‘alkaline proteins’’) are 
smaller in amount as well as considerably more active than from 
the earlier method. It will be noted from Table I that while 


140 mg. of crude “isoelectric proteins’? were obtained per kilo | 


of pancreas, representing perhaps 500 to 1,000 units, from the 
earlier preparations (No. 95), only 40 to 70 mg. are obtained with 
the same amount of acid by the process as now carried out (Nos. 
111 to 114). The latter amounts represent, however, at least as 
great activity, 1,000 or more units, depending upon the amount 
taken as a “unit.” 

By purification of the early material, by fractionation from 
alcohol (as described under preparation No. 59), considerably 
more active fractions were obtained, as shown in Table IV. 
As little as 0.01 to 0.03 mg. per kilo fairly regularly gave con- 
vulsions and low blood sugar. By this method we have obtained 
our most active material. 

Preparation No. 54 b.—Extraction by 1.5 volumes of 80 per 
cent alcohol and 40 cc. of 10 N HCl per kilo and neutralization 
before filtration. Residue after evaporation of alcohol, includ- 
ing fat, precipitated by half saturation with ammonium sulfate. 
The precipitate was extracted with 60 per cent alcohol acidified 
with HCl, filtered, and precipitated by strong alcohol. This 
precipitate was dissolved in water and the isoelectric protein 
separated by adjusting reaction to about pH 5. The solution 
“No. 54 b iso” contained 104 mg. of protein in 20 cc. for 1 kilo 
of pancreas hash. This solution was diluted and amounts vary- 
ing from 0.1 to 1 mg. per kilo were injected into ten fasting rab- 
bits, weighing 0.8 to 1.5 kilos, all of which had convulsions in 
from 1} to 4 hours. Blood sugar was determined only in four in 
which cases it was 30 to 60 mg. after 3 hours. Since the smallest 
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dose gave convulsions, the per kilo dose is perhaps 0.1 mg. or 
less. Taking a more conservative estimate of double this amount 
the yield would be 800 units per kilo of pancreas, (0.2 X 2 for 
2 kilo rabbits) + 3 = 0.13 mg. per “unit,” 104 mg. + 0.13 = 800 
units per kilo. 

Preparation No. 55.—Made in the same way as No. 54, 100 ce. 
of “isoelectric protein” solution contained 860 mg. of protein from 
8 kilos of pancreas or 107 mg. per kilo. Of this 0.23 to 0.4 mg. 
per kilo injected into four 1 kilo rabbits gave convulsions in 2 or 
3 hours, while 0.17 mg. in one rabbit gave no symptoms. Blood 
sugar was not determined. 

This “crude” material was precipitated, dissolved, and repre- 
cipitated with dilute NaOH and HCl five times, after which it 
(‘‘No. 55 P’’) was injected into twenty-five rabbits with the re- 
sults shown in Table V. It seems at any rate doubtful whether 
any increase in activity resulted from the purification. Doses 
of 0.13 mg. per kilo lowered the blood sugar to 79, but showed 
no symptoms; 0.18 mg. gave definite symptoms in five cases out 
of nine, but the blood sugar values are not very low, 39 to 60 mg. 
With 0.22 mg. and more the convulsions are more constant, and 
where determined the blood sugar was lower. About 0.2 mg. 
would be taken as the per kilo unit of activity. 

6 months later the same solution was again injected into three 
rabbits, and even 0.1 mg. per kilo gave 49 mg. of blood sugar 
and convulsions. From this it might be supposed that the activity 
had increased, but it is more likely due to variations in suscepti- 
bility of the animals. The purified as well as the original solu- 
tion doubtless contained a good deal of the “‘pH 4-” or “pH 8- 
protein,’”’ or both, which were carried through the “ purification.” 

Preparation No. 59.—Made in the same way as No. 54, the 
crude total “isoelectric proteins’? were precipitated, dissolved, 
and reprecipitated from water ten times. 0.3 mg. per kilo of 
the crude material caused convulsions in three rabbits, while 
about 0.2 mg. failed to cause symptoms in five rabbits. Blood 
sugar was not determined. From the “crude” solution a frac- 
tion was seperated by precipitation at pH 6.5 to 6.8 which was 
later recognized as the distinct ‘pH 8-isoelectric’’ and which was 
inactive in amounts up to 0.37 mg. per kilo. (One rabbit re- 
ceiving this amount had convulsions after 3 hours.) After re- 
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peated precipitation of the material freed from the “pH 8-protein,” 
0.2 to 0.25 mg. caused convulsions in three out of four rabbits. 
This material was considerably further purified by fractionation 
from alcohol as follows: It was again precipitated by addition 
of dilute alkali to about pH 5 and centrifugated. The precipi- 
tate was dissolved in 25 cc. of water by cautious addition of 
dilute alkali (pH 6 to 7) and 150 ce. of 95 per cent alcohol. Di- 
lute HCl was then added cautiously first to opalescence and then 
to a flocculent precipitate. Judged by the color of methyl red 
the reaction was on the alkaline side of the optimum point of 
precipitation in aqueous solution. The solution was filtered 
after 1 hour in the ice box, and the precipitate (containing the “pH 
8-protein’’?) set aside. To the filtrate a little more acid was 
added, together with 100cc. more alcohol, and the solution 
was placed in the ice box at 0°C. overnight. The precipitate which 
formed was removed by centrifuge, dissolved in acidified water, 
and reprecipitated twice, then dissolved in water with a few 
drops of dilute HCl. This solution, “No. 59 a P,” contained 
9.2 ng. per ce. and on injection into rabbits showed the activity 
indicated in Table IV. 

To the alcohol mother liquor from which “ No. 59 a”’ had sepa- 
rated, 1 drop of 0.1 nN HCl and 100 ce. of ether were added. After 
2 days in the ice box, a precipitate had formed which was removed 
by centrifuge, dissolved in acid water, and precipitated twice by 
cautious addition of dilute NaOH. A solution of the final pre- 
cipitate was dissolved in water with addition of dilute HCl and 
labelled ‘No. 596 P.”’ The solution contained 3.6 mg. per cc. and 
after dilution was injected into rabbits as recorded in Table IV. 
Both Nos. 59 a and 59 b are quite active, a being more active than b. 
As little as 0.01 mg. per kilo of a caused convulsions and blood 
sugar of 40 after 14 hours. The smallest dose injected of b, 0.03 
mg. in one rabbit, caused symptoms in 3 hours, the lowest blood 
sugar being 0.058. The other preparations recorded in Table IV 
were purified by similar fractionation from alcohol. 


SUMMARY. 


A simplified method is described for the preparation of insulin 
from beef pancreas. The activity of insulin is probably a prop- 
erty of an individual protein, “insulin-protein,’” the solubility 
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of which is described. The method of extraction from pancreas and 
its purification is considered from the point of view of the proper- 
ties of the “‘insulin-protein.” It has been separated from two 
other proteins which also are precipitated at their isoelectric 
points, and which are included in the preparations of insulin, 
purified by “isoelectric precipitation,’ as earlier described by the 
authors. 

Data are given to indicate the activity of the purified “insulin- 
protein.” 


Addendum.—A paper by Shonle and Waldo, from the laboratory of the 
Eli Lilly and Company, has just appeared (Shonle, H. A., and Waldo, J. 
H., J. Biol. Chem., 1924, lviii, 731) reporting upon certain reactions and 
analyses of purified insulin preparations. They ‘‘conclude that the pan- 
creatic substance containing insulin appears to be a complex mixture of 
proteoses...... from which it has been as yet impossible to isolate a 
simple substance.”’ Of the eight different purified preparations cited by 
these authors, only one, No. 72,723, has about the same activity (0.0337 
mg. per unit) as our better preparations, while most of their others are 
considerably less active. They report even more active material from a 
dialysate, 0.002 mg. of nitrogen of which corresponded to 1 unit. As- 
suming 18 per cent of nitrogen, this would represent 0.011 mg. of substance 
per unit, which is similar to the activity of our preparations purified by 
fractionation from alcohol. The table on page 734 indicates that all their 
other preparations contained very large proportions of ash (40 to 200 
times as much ash as organic substance!) and this fact makes one suspect 
that these preparations, in spite of their purification by precipitation at 
isoelectric points, were contaminated with inactive isoelectric proteins 
and were far from ‘‘pure.’”’ They describe five of their most active pre- 
parations as having been purified by precipitation “at the isoelectric 
points or with trichloroacetic acid’. We should not expect a general 
protein precipitant like trichloroacetic acid to be a favorable reagent for 
the separation of proteins having such similar behavior as have the iso- 
electric proteins of pancreas extracts. 
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THE FORMATION OF ETHEREAL SULFATES. 


By GEORGE J. SHIPLE, JOSEPH A. MULDOON, anv CARL P. 
SHERWIN. 


(From The Chemical Research Laboratory of Fordham University, New York.) 


(Received for publication, March 13, 1924.) 


The work of earlier investigators such as that of Tauber (1), 
Kojo (2), and Sato (3), has shown that certain sulfur-containing 
compounds when fed along with phenolic bodies may increase 
the output of ethereal sulfates in the urine. Embden and Glaess- 
ner (4) have sought to determine the point where the ethereal 
sulfate synthesis takes place. 

It seemed to us that the ethereal sulfate probably is not merely 
a combination of some aromatic hydroxy compound with sulfuric 
acid thus forming the ethereal sulfate at the expense of the inor 
ganic sulfate, but that more than likely the ethereal sulfate is the 
result of the oxidation of a sulfur complex not unlike p-bromo- 
phenyl mercapturic acid (5, 6), and that this mercapturic acid 
found only in the urine of the dog (7) after feeding bromobenzene, - 
represents an intermediary compound in the formation of the 
ethereal sulfate only found in the urine of other animals after 
feeding this benzene derivative. 

To prove this point we decided to take the pig as an experi- 
mental subject, place him on a carbohydrate diet thus depriving 
him of all exogenous cystine, then feed not only bromobenzene 
but certain phenolic compounds known to combine with sulfuric 
acid, and then to study the connection between mercapturic avid 
formation and ethereal sulfate excretion. 

The pig was chosen as the subject of the experiment, since this 
animal, as McCollum and Hoagland (8) have shown, can be main- 
tained on a strictly carbohydrate diet long enough to secure and 
hold a condition in which the endogenous type of metabolism 
alone prevails. This is practically impossible with any other 
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animal, for loss of appetite, sudden collapse, or other serious dis- 
turbances so frequently upset the normal course of a prolonged 
experiment of this nature. 


EXPERIMENTAL. 


The animal selected was a healthy male of 24 kilos body weight. 
He was placed in a metabolism cage constructed in general accord- 
ing to the plan described by McCollum and Steenbock (9). The 
urine was collected at 24 hour intervals as naturally voided; 7.e., 
without catheterization. Throughout the work the daily diet 
consisted of 500 gm. of starch, with the following salt mixture: 
1.5 gm. of potassium chloride, 5 gm. of sodium dihydrogen phos- 
phate, 1 gm. of magnesium citrate, 6.75 gia. of sodium carbon- 
ate, and 0.75 gm. of ferric citrate. A diet of this type should 
keep the destruction of the body tissue down toa minimum. That 
this actually occurred may be seen from the nitrogen values in 
Tables I and II. The following determinations were made daily 
during the course of the work: total nitrogen, urea, ammonia, 
creatinine, uric acid, total sulfur, inorganic sulfates, and ethereal 
sulfates. The difference between the total sulfur and the sum of 
inorganic and ethereal sulfur gives the neutral sulfur figure. In 
the tables the only nitrogen values given are total nitrogen and 
urea, since ammonia, creatinine, and uric acid have little if any 
bearing on the interpretation of the sulfur figures. Moreover, 
all the sulfur values are presented in terms of free sulfur. 

To avoid too great a strain upon the animal from the unusual 
length of the experiment, it seemed better to conduct the work 
in two parts. The results are given, therefore, in two tables, 
though otherwise there would hardly be need to separate the 
data. Preliminary to each experiment the pig was kept on the 
carbohydrate diet for several days, until the creatinine nitrogen 
comprised approximately 18 per cent of the total nitrogen. This 
condition can generally be reached with a healthy pig on a car- 
bohydrate diet, and is in itself indicative of a state of minimal 
nitrogen metabolism. 

The pig was then fed in turn phenol, bromobenzene, and 
p-chlorophenol and then each of these substances with varying 
quantities of first sodium sulfate, then later cystine, and lastly 
p-bromophenyl mercapturic acid was fed alone. 
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3 gm. cystine. 
3 “ “ 


2 gm. sodium sulfate. 
9 ¢ 


‘ “ “ 


7| 0.6 gm. phenol. 


0.8 “ “ 


0.6 gm. phenol + 4 
gm. cystine. 


7| 0.8 gm. phenol + 4 


gm. cystine. 


5} 0.6 gm. phenol + 4 


gm. sodium sulfate. 
0.8 gm. phenol + 4 
gm. sodium sulfate. 


| 3gm. p-bromophenyl 


mercapturic acid. 
4 gm. p-bromophenyl 
mercapturic acid. 
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Sulfur values in terms 
of free S. percentages. 
elalelelil< 
al & s | S & = 3 
= . toa 3 sis|32 
a a iats s|a|4 
om. | gm. | om. | om. per | per | = 
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0. 1340 .074/0 .002/0.057 55| 2| 43 
0.101/0. 060)0. 0030.037| 60 | 3 | 37 
0.413/0. 33410. o21\0. 062; 80 | 5/15 
0.476/0.409/0.01910.047| 86 | 4 | 10 
0.203/0.13210.00610.066| 65 | 3 | 32 
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0. 206/0.097/0.045/0.063| 47 | 22 | 31 
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0.11210. 065]0.010/0.037 58 | 9| 33 
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_322/0.170/0.042/0.110) 53 34 
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_856/0.757|0.048/0.051| 88 6 
_233/1.067|0.048/0.118] 87 | 4] 9 
2100. 131) \0.006/0.073) 62 | 3 | 35 

186)0. 132)0. 007/0. 047| 71 | 4/| 25 
.222/0.131)0. a & 080! 59 | 5 | 36 
aos 066/0.360| 29 60 
.7810. 148 0.071/0.562 19| 9| 72 
542.0.243 0.044 0.255) 45 | 47 
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A comparison from the data of the various feedings\cevealse** 


several interesting and important facts. The feeding of pheno 
caused the usual enormous increase in the output of ethereal sul- 
fates; but when inorganic sulfate was given along with this same 
dose of phenol, instead of a further rise in ethereal sulfates there 
appeared a relative as well as a slight absolute drop. Again, the 
feeding of sodium sulfate simultaneously with p-chlorophenol 
seemed to have little effect, since practically the amount of 
ethereal sulfates was produced as when p-chlorophenol alone was 
ingested. Finally, the ethereal sulfate value following the admin- 
istration of bromobenzene was decidedly not increased by the 
additional feeding of inorganic sulfates. In fact, a decrease was 
registered, just as in the former case of phenol plus sodium sulfate; 
and a quite marked decrease at that. There seems to be no 
manifest reason, however, for this drop, especially since the in- 
organic sulfates in both cases were excreted practically quanti- 
tatively in the urine. The results of the feeding of cystine with 
the aromatic poisons, however, are much more difficult to inter- 
pret. A moderate dose of phenol accompanied by more than enough 
cystine to supply sulfur for ethereal sulfate formation, resulted, 
as one would expect, in a doubling of the amount of ethereal sul- 
fate excreted. But the administration of cystine with bromoben- 
zene and with p-chlorophenol, cut the ethereal sulfate yield to 
one-half. 

In the light of the results of the experiment, it is evidently 
not true to affirm that ethereal sulfates are formed simply at 
the expense of the inorganic sulfates. Indeed, inorganic sul- 
fates do not seem to exert any positive influence in the matter 
at all. This much of a connection, however, may be admitted, 
that inorganic sulfates are formed from such exogenous and endog- 
enous cystine as is not required for the production of taurine or 
ethereal sulfates. But even so, the formation of inorganic sulfates 
by the organism is apparently of very secondary consideration, 
in that etheréal sulfates receive first attention. It is quite prob- 
able that the elaboration of the ethereal sulfate molecule is be- 
gun from some intermediary form of cystine metabolism long 
before the sulfate stage is reached and that this conjugation prod- 
uct is later oxidized to a sulfate. 
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The further question regarding the exogenous or endogenous 
source of ethereal sulfates can also be answered from this 
experiment. 

When phenolic substances were fed, ethereal sulfates were 
formed, and in relatively large amounts, even though the subject 
was being maintained on a carbohydrate diet; 7.e., was receiving 
in no form exogenous sulfur. Hence, the sulfur required for the 
synthesis must have come from the tissues, and presumably from 
the cystine of the tissues; at any rate, it was of endogenous origin. 
In the one case of phenol, the output of ethereal sulfates was decid- 
edly increased by the feeding of cystine. Evidently, therefore, 
some of this form of sulfur may also arise from exogenous sources. 
Hence, the experiment confirms the opinion that though ethereal 
sulfates are chiefly endogenous in origin (10), they may also come 
in part from the cystine of the diet. 

The mechanism of their formation, however, is not so easily 
explained. Most probably, when exogenous cystine is not at 
hand, the phenolic substance is first attached to some intermediary 
product of the catabolism of tissue cystine. This conjugation 
product is then subjected to oxidation, by which the reduced or 
neutral sulfur is eventually brought to the sulfate stage. If 
exogenous cystine or cysteine, however, is available, another 
course is possible in certain cases. The phenolic compound can 
be joined directly to cysteine, to form a complex analogous to 
p-bromophenyl mercapturic acid. This product can now be 
either oxidized to a sulfate or be eliminated as such; 7.e., in its 
reduced form. If subjected to oxidation, ’it will add to the ethe- 
real sulfate fraction; if excreted as such, it will appear as re- 
duced sulfur. In the latter case, therefore, it will actually lower 
the ethereal sulfate quota by diverting at least some of it into 
other channels. Both of these alternatives seem to have occurred 
in the present experiment; the former, when phenol and cystine 
were fed together, and the latter, when cystine was given with 
bromobenzene and with p-chlorophenol. Moreover, in the former 
case the ethereal sulfates were derived, in part at least, from exog- 
enous sulfur; while in the latter, they came wholly from endoge- 
nous supplies. The explanation just given implicitly assumes that 
the organism can quite easily oxidize to a sulfate the compound 
formed by the union of phenol with cystine, but that it meets 
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Fig. 1. Excretion of ethereal sulfates in milligrams per 24 hours. 
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with comparatively great difficulty in attempting this process 
on the corresponding compounds of cystine with bromobenzene 
and p-chlorophenol. Still, the assumption is not without strong 
support from other work conducted in our own laboratory (11). 
We found that when phenyl mercapturic acid, viz. CsH;-S-CHe- 
CH(NH-CO-CH;)-COOH, p-chloropheny! mercapturic acid, and 
p-bromophenyl mercapturic acid were fed in equivalent amounts, 
as much as 58 per cent of the first compound was oxidized within 
24 hours, while 43 per cent of the second, and only 23 per cent of 
the third suffered the same fate. 

After we had completed this work, a paper appeared by Rhode 
(12), which corroborates in general our own results. He fed 
phenol to rabbits in doses of 0.2 gm. per kilo of body weight, 
and determined the ethereal sulfate excretion. He then repeated 
the feeding, but supplemented it with injections of the following 
substances: sodium sulfate, sodium sulfite, sodium thiosulfate, 
taurine, and cystine. He found that sodium sulfate and sodium 
thiosulfate exerted little, if any, influence on ethereal sulfate for- 
mation; but that taurine caused a moderate increase; sodium 
sulfite, a quite marked increase; and cystine, an increase of 33 
per cent. He also fed bromobenzene and bromophenol, and 
observed in each case a rise in the output of ethereal sulfates. 
But when cystine was injected simultaneously with the bromo- 
benzene or bromophenol, the ethereal sulfate excretion was re- 
duced to about one-third of its former value. 


SUMMARY. 


A pig, reduced to a condition of endogenous nitrogen catabolism 
and maintained on a carbohydrate diet, excreted about 4 mg. 
of ethereal sulfates per day. The animal was then fed bromoben- 
zene, phenol, and p-chlorophenol. The output of ethereal sulfates 
was very decidedly increased in each case, evidencing the forma- 
tion of ethereal sulfates from endogenous sources. The feeding of 
inorganic sulfates along with each of these toxic substances re- 
sulted in no increase in the elimination of ethereal sulfates. Cys- 
tine, however, given together with each of the same aromatic 
poisons, caused an increase in the excretion of this form of sulfur 
in the case of phenol, but a decrease in each of the other two cases. 
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Moreover, in the case of the bromobenzene, the decrease was 
accompanied by a corresponding rise in the neutral sulfur fraction. 

Apparently there are two ways of detoxicating phenolic sub- 
stances; the one, by combining the poison with a sulfate radical, 
which is obtained by tissue destruction; the other, by utilizing 
exogenous cystine, forming eventually a mercapturic acid. This 
mercapturic acid may then be excreted as such, thereby adding 
to the neutral sulfur fraction and lessening that of ethereal sul- 
fates, or it may be oxidized to a sulfate and increase the output 
of ethereal sulfates. This latter case was obtained when cystine 
and phenol were fed simultaneously. 

It is believed that when ethereal sulfates are formed from 
endogenous sulfur, the toxic substance is joined to some inter- 
mediary product of the metabolism of tissue cystine, which prod- 
uct is not formed in the regular oxidation of exogenous cystine. 
This conjugate is then oxidized to a sulfate. 

Our theory is confirmed by the fact that the mercapturic 
acids (i.e. acetylated cysteine derivatives) of phenol, p-chloro- 
phenol, and bromobenzene, are subjected to oxidation by the 
organism to the extent of 58, 43, and 23 per cent, respectively, 
in 24 hours. 
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GLYCOLYSIS IN BLOODS OF NORMAL SUBJECTS AND 
OF DIABETIC PATIENTS. 


By EDWARD TOLSTOI. 


(From the Russell Sage Institute of Pathology in Affiliation with the Second 
Medical (Cornell) Division and the Department of Pathology of the Bel- 
levue Hospital, New York.) 


(Received for publication, January 23, 1924.) 


Previous authors have disagreed as to whether the bloods of 
normal subjects and diabetics have different glycolytic powers. 
Although Lépine and his associates (1) firmly asserted that gly- 
colysis in diabetic bloods is markedly diminished yet the prepon- 
derance of evidence obtained by others (2) definitely indicated 
that no significant difference exists between the glycolytic power 
of normal and of diabetic bloods. The latter view seemed the 
more accepted one, and from the following summary by von 
Noorden it appeared that the muck disputed question was 
settled. 


‘‘There seems to be no doubt that the blood contains a sugar destroy- 
ing ferment. Some maintain that this is identical with the widely dis- 
tributed oxidizing ferment (Schmiedeberg, Jacquet, Spitzer, Salkowski) 
while others deny this (Jacoby, F. Blumenthal). No significant differ- 
ence, however, has been proved to exist between the blood of diabetic 
and non-diabetic animals and men. Even in the most recent work upon 
glycolysis (Stoklosa, Simacek, Sieber, Feinschmid, Braunstein) there are 
such objections to the methods employed that the entire foundation of 
Lépine’s researches seems to have collapsed.” 


With the advancement of newer theories regarding the causation 
of diabetes since the discovery of insulin, the question of glycolysis 
was reopened by Thalhimer and Perry (3) and Denis and Giles 
(4); both groups of workers maintaining that glycolysis proceeds 
at a slower rate in diabetic bloods.* 


1Since this paper was submitted a very thorough and excellent study of 
glycolysis has come to my attention. This was reported by Biirger 
(Birger, M., Z. ges. exp. Med., 1923, xxxi, 1, 98). Out of thirty-three 
cases the author finds complete inhibition in only one. He was a mild 
diabetic. 
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70 Glycolysis in Blood 


Because of such disagreement on this theme, apparently due 
to variation in technique, the study of glycolysis in normal men 
and diabetic patients was undertaken under uniform conditions. 

The blood of eight normal subjects and eleven diabetic patients 
was studied. No breakfast was given in any case. 20 cc. of 
blood were drawn between 9 and 10 in the morning, and at once 
discharged into a sterile flask containing 40 mg. of potassium 
oxalate. A 2 cc. portion was withdrawn at once, and its sugar 
content determined. The remainder of the specimen was in- 
cubated at 37° C. and samples (2 ce. each) were taken for analy- 
sis after 13, 3, 5, and 24 hours. Aseptic precautions were used. 
The sugar method of Folin and Wu (5) was used for all determi- 
nations, which were always done in duplicate. The red and white 
corpuscles were counted in each experiment and cultures were 
taken at the end of the 24 hour period from the original container. 

The bloods of three normal subjects and of four diabetics were 
divided into two portions. One of these was kept at room tem- 
perature, while the other was incubated at 37° C. 

Sugar determinations were carried out as above and at similar 
intervals, using aseptic technique. Cultures were also taken 
from the specimens which stood at room temperature. 

From Table I and Fig. 1 it is clear that there is no difference 
in the glycolytic power of diabetic and non-diabetic bloods 
at 37°C. Corpuscular counts are also reported. These are 
within normal limits and within such limits bear no relationship 
to the rate of glycolysis. It is also apparent that although some 
of the bloods were contaminated at the end of the experiment, 
yet the loss of glucose from such specimens was no greater 
than of the ones which remained sterile. 

Effect of Temperature-——At lower temperatures, differences 
have been reported. Chelle and Mauriac (6) found that at room 
temperature there was a definite lessening of glycolysis in diabetic 
bloods, but at 37°C. no difference in the glycolytic power of 
bloods of normal subjects and diabetic patients could be demon- 
strated. Denis and Giles (4) also reported that the rate of gly- 
colysis was diminished in diabetic bloods. Their results were 
calculated on a percentage basis, and their experiments were 
done upon bloods kept at room temperature—two experimental 
procedures which have been criticized by earlier workers in this 
field. 
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Fie. 1. Diagram showing glycolysis in normal and diabetic blood. 





The height of the entire column represents the blood sugar immediately 
after withdrawal from the vein. 

The loss in milligrams in the periods studied is represented by the 
various shadings. 
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E. Tolstoi 73 
TABLE II. 
| Blood sugar per 100 cc. Loss. 
Subject. | Time. At eee AS poem Remarks. 
At 37°C, | temper- At 37°C. temper- 
| i ature, ature. 
| hrs. mg. mg. mg. mg. 
D. | At start. 95.2 Normal. 
1} 78.4 79.0 16.8 16.2 
3 61.2 68.0 34.0 27.2 
5 30.0 61.0 65.2 34.2 
24 Trace. 20.0 90.0 75.2 
R. At start. 102.0 Normal, 
13 90.0 98.5 12.0 3.5 
3 69.0 91.7 33.0 10.3 
5 48.0 83.3 54.0 18.7 
24 Trace 44.0 100.0 58.0 
7. At start. 95.4 
1} | 83.9 90.0 11.5 5.4 Normal. 
3 | 66.6 79.0 28.8 16.4 
5 70.0 25.4 
24 37.0 50.1 58.4 45.3 
C. At start. 309.0 Diabetic. 
1} 294.0 288 .4 15.0 20.6 
3 222.0 250.0 87.0 44.0 
5 208.0 101.0 
24 50.0 188.6 259.0 120.4 
K. At start. 266.0 Diabetic. 
1} 222.2 222.0 43.8 44.0 
3 224.7 222.0 41.3 44.0 
5 194.0 215.0 72.0 51.0 
24 59.1 141.0 206 .9 125.0 
L. At start. 226.0 Diabetic. 
13 212.0 210.5 14.0 15.5 
3 170.0 188.5 56.0 37.5 
5 173.8 188.5 52.2 37.5 
24 24.0 130.0 202.0 96.0 
G. At start. 419.0 Diabetic. 
1} 392.2 392.2 26.8 26.8 
3 335.0 338 .9 84.0 81.0 
5 303.0 338.9 116.0 81.0 
24 155.7 239.4 263.3 179.6 
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That temperature influences the glycolytic rate has been known 
even at the inception of the study of this phenomenon. Arthus 
(7), who was among the first to study this relationship, clearly 
demonstrated, that he was able to recover as much as 80 mg. 
of glucose from a specimen which remained for 8 days at 10°C. 
and originally contained 133 mg., while at 40°C. the same speci- 
men contained only 73 mg. at the end of 2 hours, and traces, of 
glucose at the end of 24 hours. In view of the fact that tempera- 
ture is such a potent factor it is of extreme importance to sub- 
ject the specimens studied to the same uniform thermal condi- 
tions, preferably a temperature comparable with that of the 
human body. Then, if any inferences are drawn from one’s 
results, or hypotheses postulated, they will be of physiological 
significance. For, it seems unfair to perform a series of experi- 
ments at a temperature considerably lower than that which is 
the optimum for physiological processes, and then draw conclu- 
sions, that such results are at all comparable to processes which 
occur at a temperature definitely higher. 

It was thought that the differences in results among the vari- 
ous workers on this subject might be explained by the fact that 
no uniform temperature conditions were employed. And, at 
first the work of Chelle and Mauriac seemed to offer the explana- 
tion; namely, that at room temperature the blood of diabetics 
glycolyzes more slowly, while no. such difference is apparent at 
37°C. 

The results presented in Table II do not bear out this view. 
From the figures given, it is clear that the rate of glycolysis of 
diabetic and normal bloods is definitely slower at room tempera- 
ture and that there is no great difference in the absolute amount 
of glucose lost in the two kinds of blood. 

Another interesting feature, pointed out by Arthus (7) some- 
time ago, is the relatively slow rate of glycolysis observed in the 
first 1} hour period. Two of the normal bloods studied showed 
hardly any loss during this time. 


SUMMARY AND CONCLUSIONS. 


The glycolytic power of eight normal subjects and eleven dia- 
betic patients was studied. Some of the bloods were studied 
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both at room temperature and at 37°C. Aseptic precautions 
were used and the red and white cells of the blood counted. 

In the above series of observations, under the conditions de- 
scribed, no diminution in the glycolytic power of diabetic bloods 
was found when compared with that of normals when the bloods 
were kept at 37°C. It was also found that at room temperature 
the glycolytic rates were definitely diminished in both types of 
blood. 

Bacterial contamination did not affect the results in the experi- 
mental period of 24 hours. 


My thanks are due to Profs. Stanley R. Benedict and David 
P. Barr for their advice and interest throughout this work. 
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EXTENSION OF THE VAN SLYKE TABLE OF FACTORS 
FOR THE CONVERSION OF NITROGEN GAS INTO 
MILLIGRAMS OF AMINO NITROGEN. 


By PAUL FRANCIS SHARP. 


(From the Department of Chemistry, Montana Agricultural Experiment 
; Station, Bozeman.) 


(Received for publication, March 8, 1924.) 


Van Slyke! has given a table of factors for the conversion of 
the volume of nitrogen gas into milligrams of amino nitrogen 
when the nitrogen is liberated in the determination of free amino 
groups by the Van Slyke! method. He says that the figures given 
in his table “are calculated by dividing by 2 those for moist nitro- 
gen given by Gattermann in the Prazis des organischen Chemikers, 
ninth edition.” 

The table as given by Van Slyke and Gattermann includes 
only a rather narrow range of barometric pressure; namely, from 
728 to 772 mm. of mercury. Many laboratories are located where 
the barometric pressure is much lower than 728 and thus it is 
necessary to calculate a new table. If the attempt is made to 
extrapolate the values given in the Van Slyke table to, for exam- 
ple, 630 mm., an error ranging from 1 to about 3 per cent may 
easily be made unless the table is subjected to d rather extended 
mathematical treatment. Van Slyke has shown that his method 
is capable of much greater accuracy than 1 to 3 per cent error. 
For the convenience of those who require factors corresponding 
to the lower barometric pressures a table has been calculated for 
intervals of 10 mm. over a range of barometric pressure from 520 
to 780. The intermediate values can be interpolated by the use 
of the proportional parts given with the table. With the use of 
this table it is not necessary to go through the tedious process of 
calculating the values from the equation. 


1 Van Slyke, D. D., J. Biol. Chem., 1912, xii, 275. 
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78 Conversion of N,; into Mg. of NH.-N 


The values given in the table were calculated according to the 
following equation: 





3797 9 
(Bar. — v.p. H,0 at t) (0.96727) = 


Factor = ~ 760 [1 + (0.003675 1] 





Bar. refers to the barometric pressure in millimeters of mercury, 
at which the nitrogen gas was measured.- From this value the 
vapor pressure of water at the temperature ¢, measured in degrees 
centrigrade, is subtracted. The numerical values used in the 
equation were those obtained by the workers cited, as given by 
Landolt-Bérnstein-Roth. The vapor pressure of water as de- 
termined by Scheel and Heuse? was used. The value 0.96727 
is the density of nitrogen referred to air as unity obtained by aver- 
aging the values obtained by Lord Rayleigh, 0.96737, and Leduc, 
0.96717.2 For the denisty of air the value 0.0012931* was used. 
The product is divided by 2 because only one-half of the nitrogen 
is furnished by the free amino groups, the other half coming from 
the nitrous acid. The temperature coefficient, 0.003675,° obtained 
by Chappius, was used. 


* 2 Landolt, H., Bérnstein, R., and Roth, W. A., Physikalisch-chemische 
Tabellen, Berlin, 4th edition, 1912, 360. 
3 See foot-note 2, p. 150. 
4 See foot-note 2, p. 18. 
5 See foot-note 2, p. 350. 
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Milligrams of Amino Nitrogen Corresponding to 1 Ce. 
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Temper- 530 


ae | 6 560 | 570 | 580 | 590 | 600 | 610 | 620 | 630 | 640 | 650 











0.4091}0. 4169/0 .4246,0 4324/0 4402/0 447910. 4557/0. 4635/0. 4713/0 .4790)0. .4946 


-4147|0 .4225\0. 43020.4379/0.4457 .4534/0 .4612 0 .4689)0. 4767/0. .4922 
0.4048 -4126'0 4203/0 4280/0. 4357/0. 4434 .4511)/0 4589/0 . 4666/0 .4743)0. .4897 
-4103/0 4180/0 . 4256/0 4333/0 441 10 .4564/0 .4641/0.4718)0. 47950. 4872: 


G08I 0.41050 .C20E <8 0.4 .4465)0 4541/0 .4618/0.4695)0.4771 
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21 — |0.3906)0.3983/0. 4059/0. 4135/0. 4212/0. 4288/0. 4365)0. 444110 .451710.4504/0.467010. 4747/0. 4823] 0 
22 —|0.3884/0. 3960/0. 403610. 4112/0. 419910. 4265/0 434110. 4417/0. 449310. 456910. 464510. 4721]0.4789| 0 
23 — |0.3861/0.3937/0. 4013/0. 408910. 4165/0. 4241/0. 4317}0. 439310 446810. 4544/0. 462010. 4696/0. 4772| 0 
24 |0.3838/0.3914)0 399010. 406510. 414110. 4217/0. 4292/0. 4368/0. 444310 .451910. 4595/0. 4670)0.4746| 0 
25 _J0.3815}0.3801J0. 3966/0, 4041/0. 4117|0.4192)0.4267J0. 4343/0. 4418)0.4493]0.4560)0. 464440. 4719) 0 
26 — 0.3791|0.3867}0.394210. 4017/0. 409210. 4167|0.424210. 4317/0. 439210. 4467/0. 454210. 4618)0.4693| 0 
27 — 10.3767(0.3842/0.391710. 399210. 406710. 4142/0 4216/0 .4291/0 436610444110. 4516/0 .4591}0.4666| 0 
28 _40.3743]0.3817}0. 3892/0. 3967|0. 4041'0.4116/0. 4190}0 . 4265|0. 4340/0. 4414)0. 4489|0. 4563)0.4638| 0 
29 _|0.371810.3792)0. 3866\0. 3041/0. 4015|0.4000(0..416440. 4238)0..4313}0 4387/0. 4461|0..4536)0 4610) 0. 
30 |0.3692'0.3766)0. 384010. 3915.0. 398910. 4063/0 4137/0. 4211/0. 428510. 435910. 4433/0 4507/0. 4582| 0. 
Temper-| 539 | 540 | 550 | 560 | 570 | 580 | 590 | 600 | 610 | 620 | 630 | 640 | 650 
| | 

















ature. 





Proportional Parts 








Temperature. 1 2 3 4 





°C. 
16-20 0.0008 | 0.0015 | 0.0023 | 0.0031 
21-25 | 0.0008 | 0.0015 | 0.0023 | 0.0030 
26-30 | 0.0007 | 0:0015 | 0.0022 | 0.0030 























XUM 


Corresponding to 1 Cc. of Nitrogen Gas at 16-30°C., 530-780 Mm. of Pressure. 
































































































































630 | 640 | 650 660 | 670 | 680 | 690 | 700 | 710 | 720 | 730 | 740 | 750 

3/0.4790)/0 . 4868}0 4946} 0.5023 |0.5101/0.5179 0.5567)/0. 0.5723 

0.4767/0.4844/0 .4922) 0.4999 |0.5077/0.5154 0. 5541/0. 5619}0 . 5696 

0.4743/0 .4820]0 .4897| 0.4975 |0.5052/0.5129 0.5515)0.5592)0 . 5669 
1/0.4718)0 .4795}0 .4872| 0.4949 |0.5026/0.5103 0. 5487/0. 5641 
8/0.4695/0 .4771}0 4848) 0.4925 |0.5001/0.5078 0.5461). 5615 

0.4670/0. 4747/0 4823) 0.4899 /0.4976)0 . 5052/0. 5128}0 5205/0 .5281/0 5358/0 . 5434/0 .5510}0 5587 

0 .4645/0.4721}0 4789} 0.4874 |0.4950)0 5026/0. 5102}0. 5178/0. 5254/0 .5331/0 5407/0 .5483}0 .5559 

(0 .4620)0 .4696}0 4772) 0.4848 |0.4924/0 5000/0 .5075j0 5151/0. 5227/0. 5303/0 .5379/0. .5531 
9/0 .4595|0 . 4670}0 .4746| 0.4821 |0.4897/0 4973/0. 5048]0.5124/0.5200/0. 5275/0. 5351/0 .5426)0 . 5502 
3/0 .4569)0 464410 .4719| 0.4795 |0.4870)0. 4946/0 . 5021/0 . 5096/0 .5172/0.5247/0. 5322/0. 5473 
7/0. 4542/0 .4618}0 .4693| 0.4768 |0.4843/0 4918/0 .4993}0 . 5068/0. 5143/0 5218/0. 5294/0. 5444) 
1/0.4516)0 45910. 4666) 0.4740 |0.4815/0.4890)0 .4965}0 . 5040/0 .5115/0.5190/0 5264/0. 5414) 
4/0 4489/0 . 45630 .4638| 0.4713 |0.4787/0. 4862/0 . 49360 . 5011/0 5086/0 5160/0 . 5235/0. 5384! 

0.4461/0.4536]0 .4610| 0.4684 |0.4759|/0.4833)/0 .4907}0 . 4982/0 . 5056/0 . 5131/0 .5205/0 .5279}0 . 5354! 

0 .4433/0.4507]0. 4582) 0.4656 0.4730/0. 4804 0.4878 .4952,0 5026 0.5100,0.5174/0.5249}0 5323) 

630 | 640 | 650 660 | 670 | 680 | 690 | 700 | 710 | 720 | 730 | 740 | 750 
| | 
Proportional Parts for Millimeters. 
3 4 5 6 7 8 9 

15 | 0.0023 | 0.0031 | 0.0039 | 0.0046 | 0.0054 | 0.0062 | 0.0069 

15 | 0.0023 | 0.0030 | 0.0038 | 0.0046 | 0.0053 | 0.0061 | 0.0068 

15 | 0.0022 | 0.0030 | 0.0037 | 0.0045 | 0.0052 | 0.0060 | 0.0067 


XUM 


.5723)0 .5801)0.5878)0 . 59 
.5696)0 . 5774/0 5851/0. 5928 
.5669/0 . 5746/0. 5824/0. 5901 
.5641/0.5718)0 5795/0. 587 
.5615/0 . 5691/0 .5768/0 .5844 














THE RATIO OF CARBON DIOXIDE TO HEAT 
PRODUCTION IN CATTLE. 
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In the study of the metabolism of energy-producing feeds it 
is necessary to measure that extensive portion which expresses 
itself as heat. 

The heat of metabolism may be measured directly, by means 
of a calorimeter, or indirectly, either from the energy value 
of the products of ntetabolism, or by computation from the car- 
bon dioxide liberated, after the establishment, by direct calorime- 
try, of the ratio between the production of carbon dioxide and 
heat. 

We have previously shown that a close relation exists between 
the CO, produced and the heat given off by cattle. The data 
expressing this relation, on a kilo of live weight basis, lend them- 
selves to convenient expression by empirical linear equations of 
the general form y = mz + b. In these equations y may repre- 
sent either Calories of measured heat or grams of CO, per kilo 
of live weight; m represents the slope of the line; zx equals the air- 
dry weight of feed in grams per kilo of live weight; and b is the 
distance above the x-axis at which the line crosses the y-axis. 

Any empirical equation really holds only for the data used in 
its deduction, and is subject to confirmation or change as addi- 
tional data are secured, especially if these fall outside the range 
of variation of the old. 

An earlier publication from this Institute! presented equations 
based on data from 99 experiments, 91 with steers and 8 with 
cows, the amount of air-dry feed varying from 5 to 27 gm. per 
kilo of live weight. These earlier equations were as follows: 

1 Armsby, H. P., Fries, J. A., and Braman, W. W., Proc. Nat. Acad. 


Sc., 1920, vi, 263. 
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(1) yi = 0.869 x + 14.176 
(2) y2 = 0.455 x + 4.365 
(3) ys = — 0.0226 x + 2.802, in which 


x = Air-dry weight of feed in grams per kilo of live weight. 
y: = Calories of measured heat per kilo of live weight. 
ye = Grams of CO, per kilo of live weight. 
_ Heat 
ew" CO 
In these equations % and y2 are direct expressions of measured 
heat and carbon dioxide, while y; is deduced from a statistical 
treatment of all available individual ratios of y, to yz, and, there- 
fore, may not be exactly equal, in every case, to y; divided by ye. 
These equations apply to data involving feed consumption 
within the limits of 5 and 27 gm. per kilo of live weight. At the 
time these equations were computed there were no data available 
involving very low feed intake or obtained during fasting. Assum- 
ing, however, the applicability of the above equation to fasting, 
and putting x equal to zero, the carbon dioxide : heat ratio for 
fasting was predicted as follows: 





nn. 3.25 or ys = 2.802? 
Ys 


Since the time at which the above equations were computed, 
additional data have been secured at this Institute from 35 ex- 
periments with cows. Among these experiments were several 
in which the subjects fasted. The feed in these 35 cases varied 
from 0 to 25 gm. per kilo of live weight. The data were treated 
in precisely the same way as before, and empirical equations were 
computed. These equations agreed closely with equations (1), 
(2), and (3). All data were then combined in a new set of equa- 
tions representing the 134 experiments, 91 with steers and 43 
with cows. The new equations are the following: 


(A) yi = 0.776 x + 15.061 
(B) y2 = 0.420 x + 4.759 
(C) ¥3 = 


— 0.02886 x + 2.883 





y 
2 The fact that y3; in equation (3) does not equal "7 indicates, as was noted 
2 
in the previous article, that ys is not strictly a straight line function of the 
amount of feed. It was then suggested that x was the better form to use 
2 


with very small amounts of feed. 
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Winfred W. Braman 81 
These differ but slightly from equations (1), (2), and (3). The 
slope of the line representing the ratio (ys) is slightly increased 
by the inclusion of the data representing the fasting experiments. 

When zx is made equal to zero, in the new equations, and y; is 


divided by ye, we have — = 3.165. Assigning to zx the value 0 
2 


in equation (C), ys = 2.883. These two values for y; are more 
closely in agreement than similar values derived from the earlier 
equations, and they show that the prediction of the CO: heat 
ratio for fasting was approximately correct. 

Chart I shows curves of heat and carbon dioxide production 
and of the ratio of the heat to the carbon dioxide in each individual 
case. 

These equations hold for resting animals, doing no external 
work, and lying or standing at will. 

It is well known that both the CO, and the heat produced are 
greater while the animal is standing than while lying. However, 
the ratio CO,: heat is not much affected. In the previous 
paper, the range of the ratios from 51 experiments varied, while 
standing, from 1.86 to 2.94, and while lying from 1.69 to 2.57, 
showing a large overlapping of the two. 

The later experiments show wide variation in relative time 
spent standing and lying, but no related variation in CO, : heat 
ratios. Therefore, no account has been taken of the change in 
position of the animals in these experiments. The number of 
experiments is large, and the assumption is made that the results 
hold for average conditions as to standing and lying. 

Applying equation (C) to our data, and computing the heat from 
the observed CO2, we get results as set forth in Table I. In the 
last column is given the percentage of observed heat on the basis 
of the heat computed by use of the ratio. All but 35 of the 134 
cases fall within the range of 95 to 105 per cent. 

The fact that these percentages, in the case of the fasting ani- 
mals, all fall considerabiy above 100 signifies that the mathematical 
equation should indicate a line slightly curved in that portion 
representing very low feeding, or fasting. 

Something should be said regarding these periods. Experi- 
ments 221 D, Cow 886 IV, ist day, and 221 D, Cow 886 IV, 2nd 
day, were succeeding days with the same animal, which had 
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Experi- | 





ment No. Animal. 
221 D | Cow 886 IV 
(Ist day) 

221 D | Cow 886 IV 
| (2nd day) 
| Cow 885 IV 
| (1st day) 
| Cow 885 IV 
| (2nd day) 

221 | Cow 885 III 

221 F “ 887 III 

“ 874 III 

211 V Steer D 

21V |}; “ G 

186 I | | 

i661 | “ B 

ke A ade 

207 III | - 

209111; “ F 

208 III | = & 

208 TIT; “ C 

179 II “ 

200111; “ A 

211 II wie 

de Tir 

208 VI - £ 

190 III ae’ 

186 III 7 ie 

186 III oy 

207 III * 

209 VI = FF 

208 VI = <& 

911 IV “ D 

221 E Cow 885 I 

179 III | Steer 

221 E | Cow 885 II 

220 II | Steer K 

220 III ~. 

217 IV ~ 

211 II ae 

208 II ce 





TABLE I, 





Ratio of CO. to Heat Production 





Comparison of Computed and Observed Heat Production. 






































| peril | OPSE5re4| ati, | produced | Obgeryed | Observed 
e. 4 | ene 7 louie. (can puted. 
gm. | gm. Cals. | Cals. | per cent 
| | 
0 2,223 | 2.883) 6,408 | 6,743 | 105.2 
0 | 1,987 | 2.883 | 5,728 | 6,328 | 110.5 
0 2,247 | 2.883 | 6,479 | 6,750 | 104.2 
0 2,148 | 2.883 | 6,193 | 6,557 | 105.9 
0 2,034 | 2.883 | 5,864 | 6,577 | 112.2 
0 1,885 | 2.883 | 5,434| 6,061 | 111.5 
0 2,091 | 2.883 | 6,030 | 6,302 | 104.5 
4.68 | 2,808 | 2.748 | 7,716 | 7,953 | 103.1 
4.94 | 2,437 | 2.740 | 6,678 | 6,882 | 103.1 
6.06 | 3,957 | 2.708 | 10,715 | 10,911 | 101.8 
6.06 | 4,077 | 2.708 | 11,040 | 11,736 | 106.3 
6.11 | 3,875 | 2.707 | 10,490 | 10,060 | 95.9 
6.70 | 3,095 | 2.690) 8,326 | 7,775 | 93.4 
6.77 | 2,316 | 2.688 | 6,226 | 6,354 | 102.1 
6.87 | 1,784 | 2.700| 4,816 | 4,906 | 101.9 
6.96 | 2,223 | 2.682| 5,963| 5,948| 99.7 
7.12 | 3,682 | 2.678 | 9,859 | 10,123 | 102.3 
7.52 | 2,803 | 2.666 | 7,472| 7,431| 99.5 
7.55 | 3,203 2.665 | 8,536 | 8,197 | 96.0 
7.86 | 3,134 | 2.656 | 8,323 | 7,967 | 95.7 
8.14 | 1,663 | 2.648 | 4,403 | 4,648 | 105.6 
8.37 | 2,265 | 2.641 | 5,981 | 6,007 | 100.4 
8.45 | 4,218 | 2.639 | 11,133 | 10,724 | 96.3 
8.45 | 4,162 | 2.639 | 10,985 | 10,874 | 99.0 
8.56 | 3,070 | 2.636 | 8,094 | 7,897] 97.6 
8.57 | 2,475 | 2.636 | 6,525 | 6,722 | 103.0 
8.72 | 2,199 | 2.631 | 5,785 | 5,937 | 102.6 
8.80 | 3,542 | 2.629 | 9,312| 9,196] 98.8 
8.84 | 3,940 | 2.628 | 10,354 | 9,788} 94.5 
8.85 | 4,048 | 2.628 | 10,638 | 10,540} 99.1 
8.91 | 3,515 | 2.626 | 9,232] 8,715} 94.4 
9.05 | 3,926 | 2.622 | 10,294 | 10,291 | 100.0 
9.19 | 4,426 | 2.618 | 11,587 | 10,754 | 92.8 
9.23 | 5,894 | 2.617 | 15,425 | 14,225 | 92.2 
9.25 | 3,889 | 2.616 | 10,175 | 9,596 | 94.3 
9.26 | 1,465 | 2.616 | 3,832} 4,023 | 105.0 
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Winfred W. Braman 83 
TABLE I—Continued. 
| } | | 

Experi- | Animal. per kilo Observed ys ratio. produced | a eens 
ment No. a. § | produced. c= produced.| puted. 
gm. | gm. | Cals. | Cals. | per cent 

211 IV | Steer G 9.31 | 3,357 | 2.614 | 8,775 | 8,936 | 101.8 
200 III « B 9.45 | 2,592 | 2.610| 6,766 | 6,913) 102.2 
208 II *« © 9.48 | 2,684 | 2.609| 7,002 | 7,048 | 100.7 
210 III « D 9.51 | 2,716 | 2.609 | 7,085 | 7,106 | 100.3 
179 I es 9.54 | 4,351 | 2.608 | 11,346 | 11,529 | 101.6 
208 II * £ 9.91 | 2,129 | 2.597] 5,529] 5,525 | 99.9 
221 D | Cow 885 I 10.24 | 3,361 | 2.587 | 8,695 | 8,378| 96.4 
186 II | Steer A | 10.28 | 4,619 | 2.586 | 11,946 | 11,435 | 95.7 
186 II “« B 10.28 | 4,538 | 2.586 | 11,736 | 11,318 | 96.4 
190 III “« B 10.30 | 1,905 | 2.586 | 4,926] 5,212 / 105.8 
221 D | Cow 886 III | 10.31 | 3,409 | 2.585 | 8,812} 7,891 | 89.5 
212 V | Steer H 10.38 | 2,851 | 2.583 | 7,364| 7,305| 99.2 
217 I s 10.40 | 4,634 | 2.583 | 11,969 | 10,895 | 91.0 
221 D | Cow 885 III | 10.43 | 3,696 | 2.582 | 9,543 | 8,814 | 92.4 
216 VII Steer J 10.61 | 3,253 | 2.577 | 8,317] 8,229| 98.9 
212 VI « H | 10.63 2,695 | 2.576 | 6,941] 6,773| 97.6 
207 IV “As 10.89 | 4,055 | 2.569 | 10,417 | 9,493 91.1 
209 II « F 10.90 | 2,903 | 2.568} 7,455 | 7,427] 99.6 
221 D | Cow 886 I 10.96 | 3,440 | 2.567 | 8,830! 8,034] 91.0 
221 F “ 374 II 10.98 | 3,809 | 2.5 9,773 | 9,077| 92.9 
216 II | Steer J 11.46 | 3,909 | 2.552 9,977| 9,533 | 95.5 
207 I “a 11.50 | 4,354 | 2.551 | 11,106 | 10,171 | 91.6 
174 I “« B 12.26 | 3,944 | 2.529] 9,975 | 9,215 | 92.4 
200 IV “ A 12.30 | 3,353 | 2.528 | 8,476} 8,183| 96.5 
221 G | Cow 887 II | 12.59 | 3,451 | 2.520} 8,696 | 8,626/ 99.2 
200 I | Steer A 12.62 | 3,832 | 2.519} 9,652} 9,307| 96.4 
208 V * ¢C 12.67 | 2,732 | 2.517 | 6,876 | 7.117 | 103.5 
210 II « Dp 12.75 | 3,236 | 2.515 | 8,140] 8,186 | 100.6 
221 F | Cow 887 II | 12.81 | 3,522 | 2.513} 8,850} 8,396 | 94.9 
209 V | Steer F 12.97 | 3,011 | 2.509 | 7,555 | 7,673 | 101.6 
207 I “« B 12.98 | 3,924 | 2.508 | 9,840| 9,537| 96.9 
208 V “« £E 13.02 | 2,190 | 2.507 | 5,490| 5,697 | 103.8 
220 I “« K 13.63 | 4,841 | 2.490 | 12,055 | 12,124 | 100.6 
200 IV « B 13.77 | 3,934 | 2.486 | 9,779] 9,428] 96.4 
221 C | Cow 885 III | 13.92 | 3,608 | 2.481 | 8,952] 8,855 | 98.9 
200 IV | Steer B 13.93 | 2,999 | 2.481 | 7,440] 7,359| 98.9 
200 I “« B 14.09 | 3,561 | 2.476 | 8,816 | 8,907 | 101.0 
190 I “aA 14.22 | 3,201 | 2.473 | 7,915 | 8,589 | 108.5 
221 C | Cow 885 II | 14.30] 3,729 | 2.470| 9,212) 8,862| 96.2 
221 D “ g85 II | 14.34| 4,068 | 2.469 | 10,043 | 9,623 | 95.8 
190 IV | Steer A 14.41 | 2,907 | 2.467 | 7,171 | 7,344 | 102.4 
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TABLE I—Continued. 
Feed ’ | Heat | . P 

eapet, | animal. | PaO | 'GGY**) ratio, | Broduced| Rent |e com 

weight. | Produced. | by ratio, | Produced.) puted. 

gm. | gm. Cals, Cals. per cent 
179 IV | Steer 14.47 | 6,138 | 2.465 | 15,130 | 14,652 | 96.8 
221 C | Cow 88611 | 14.55 | 3,599 | 2.463 8,864] 8,568] 96.7 
220 IV | Steer K 14.61 | 5,949 | 2.462 | 14,647 | 13,838 | 94.5 
oI} “ D | 14.66 | 1,941 | 2.460 | 4,774] 5,031 | 105.4 
17411 | “ C | 14.81 | 4,368 | 2.456 | 10,728 | 10,296 | 96.0 
201 | “.D | 14.82 | 3,812 | 2.455 | 9,358 | 9,450 | 101.0 
211 | “ D | 15.23 | 4,824 | 2.443 | 11,786 | 11,547 | 98.0 
216 111; “ J | 15.87 | 4,725 | 2.439 | 11,524 | 10,811 | 93.8 
221 F | Cow 8741 | 15.64 | 4,882 | 2.432 | 11,872 | 11,099 | 93.5 
190 IV | Steer B | 15.82 | 2,193 | 2.426 | 5,320 5,424 | 101.9 
190 I “« B 16.11 | 2,593 | 2.418 6,271 | 6,610 | 105.4 
221 D | Cow 886 II | 16.25 | 4,773 | 2.414 | 11,521 | 10,516 | 91.3 
207 II | Steer B | 16.43 | 4,899 | 2.409 | 11,802 | 11,517 | 97.6 
212111; “ H 16.96 | 4,054 | 2.394 | 9,705 | 9,723 | 100.2 
200 II “« 8B 17.12 | 3,964 | 2.389 | 9,469 | 9,602 | 101.4 
212 IV “ H 17.17 | 4,004 | 2.387 | 9,558 | 9,701 | 101.5 
207 II “ A apt 6,268 | 2. 4 14,930 | 14,130 | 94.6 
216 VI | “ J | 17.36 | 4,569 | 2.382 | 10,882 | 10,829 99.5 
174 IV “« Dp 17.51 | 4,730 | 2.378 | 11,247 | 11,493 | 102.2 
208 I “« £ | 17.85 | 2,928 | 2.368 | 6,933 | 7,085 | 102.2 
209 I “« F 17.92 | 3,840 | 2.366 | 9,087/ 8,975| 98.8 
211 I “« Gg | 17.98 | 4,839 | 2.364 | 11,440 | 11,711 | 102.4 
217111} “ J 18.09 | 9,074 | 2.361 | 21,423 | 21,196 | 98.9 
221 F_ | Cow 887 I | 18.21 | 4,549 | 2.357 | 10,722 | 10,324 | 96.3 
200 I | Steer A | 18.78 | 5,511 | 2.341 | 12,902 | 12,827 | 99.4 
190 II “ A | 18.81 | 3,726 | 2.340| 8,719 | 9,684 | 111.1 
208 IV “« C | 19.05 | 3,573 | 2.383 | 8,335 | 8,976 | 107.7 
221 G | Cow 887 III | 19.05 | 4,309 | 2.333 | 10,054 9,868 | 98.2 
211 III | Steer D | 19.17 | 6,216 | 2.331 | 14,490 | 13,937 | 96.2 
217 II “ J | 19.32 | 7,509 | 2.325 | 17,458 | 16,660 | 95.4 
221 E | Cow 87411 | 19.32| 5,023 | 2.325 | 11,678 | 11,514| 98.6 
221 E “ 886 II | 19.76 | 4,948 | 2.313 | 11,445 | 11,027| 96.3 
221 C “ 85 1 19.82 | 4,948 | 2.311 | 11,435 | 11,227| 98.2 
221 E “ 8741 | 20.14] 5,031 | 2.302 | 11,582 | 11,412| 98.5 
190 II | Steer B 20.31 | 2,891 | 2.297 | 6,412} 7,303 113.9 
211111} “ G 20.37 | 5,940 | 2.295 | 13,633 | 13,440] 98.6 
221 A | Cow 631 III | 21.30} 5,828 | 2.268 | 13,219 | 13,219 | 100.0 
2121 | Steer H 21.51 | 4,719 | 2.262 | 10,675 | 11,023 | 103.3 
212 II “ H 21.51 | 4,593 | 2.262 | 10,390 | 10,904 | 104.9 
221 C | Cow 886 I 21.61 | 4,889 | 2.259 | 11,045 | 11,193 | 101.3 
221 F “ 336 I 21.66 | 5,740 | 2.258 | 12,961 | 13,583 | 104.8 
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TABLE I—Concluded. 

















Experi- Animal. per kilo | < we | ys ratio. | produced | — © — 
ment No. woh. ween ‘by ratio. | produced.| puted. 

gm. gm. Cals. Cals. | per cent 
221 F Cow 886 II 21.96 | 5,573 | 2.249 | 12,534 | 12,333 | 98.4 
221 F “ 886 I 22.14 | 5,466 | 2.244 | 12,267 | 11,932) 97.3 
208 IV | Steer E 22.29 | 3,074 | 2.240 | 6,886 7,686 | 111.6 
216 V 2 22.29 | 5,505 | 2.240 | 12,331 | 12,739 | 103.3 
221 C Cow 886 III | 22.42 | 5,013 | 2.236 | 11,208 | 11,065 98.7 
221 G “is 23.01 | 5,453 | 2.219 | 12,099 | 12,393 | 102.4 
221 A “ 631 II 23.16 | 5,518 | 2.215 | 12,221 | 12,334 | 100.9 
221 A “ 615 ITI | 23.37 | 5,447 | 2.209 | 12,032 | 12,032 | 100.0 
221 A “ 615 II 23.51 | 5,332 | 2.205 | 11,757 | 12,137 | 103.2 
221 A “ 615 I 23.92 | 5,146 | 2.193 | 11,285 | 11,435 | 101.3 
221 G “ 887 IV 24.61 | 5,243 | 2.173 | 11,393 | 11,652 | 102.3 
209 IV | Steer F 24°93 | 4,424 | 2.164] 9,573 | 11,015 | 115.1 
221 A | Cow 631 I 25.00 | 5,156 | 2.161 | 11,141 | 11,464 | 102.9 
221 A “ 579 II 25.58 | 5,834 | 2.145 | 12,513 | 12,896 | 103.1 
221 A “ 579 I 25.94 | 5,931 | 2.134 | 12,657 | 13,236 | 104.6 
216 I Steer J 27.01 | 7,045 | 2.103 | 14,817 15,534 | 104.8 


























fasted just 24 hours before the beginning of the Ist day. The 
considerable amount of methane given off, and the reduction of 
that amount from 27.4 gm. on the 1st day to 11.8 gm. on the 
2nd day, indicate that the post-resorptive state had not been 
reached. The same is true with No. 221 D, Cow 885 IV, Ist and 
2nd day, the methane decreasing from 33.5 gm. on the Ist day to 
17.4 gm. on the 2nd day. 

With No. 221 E, Cow 885 III the CO, and heat measurements 
were made after a preliminary fasting of 3 days, and continued 
for 2 days. On the Ist day the methane outgo was 6.48 gm., and 
on the 2nd day, 5.06 gm., indicating a nearer approach to the 
fasting condition. 

In Experiments 221 F, Cow 887 III and 221 F, Cow 874 III 
the preliminary fasting lasted 7 days, and the methane for the 2 
succeeding days, in the one case, was 2.75 and 2.92 gm., respec- 
tively, and in the other, 4.15 and 4.09 gm., indicating a nearly 
constant minimum, and a condition of fasting. 

It is interesting to apply this ratio to some of the earlier ex- 
periments in which the respiration was determined, and the heat 
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TABLE II. 
Compurison of Computed and Observed Heat Production Computed from 
Kellner’s Data.* 



















































































































































































| Feed | Heat | Heat | Indirect 
, - +, | per kilo Observed | ., | produced | produced | computed 
Ae eerie eT eh, | oedema |" | emarted cecil + ee, 
gm. gm, | | Cals. Cals. per cent 
Ox. H IV 11.96 me 2.538 | 16,706 | 15,386 | 92.1 
J IV 12.60 | 6,687 | 2.519 | 16,845 | 15,570 | 92.4 
G Ill 13.27 | 6,726 | 2.500 | 16,814 | 15,598 | 92.8 
F III 13.75 | 6,645 | 2.486 | 16,518 | 15,621 | 94.6 
GV 13.80 | 7,179 | 2.485 | 17,840 | 17,104 95.9 i 
FV 13.83 | 6,965 | 2.484 | 17,300 | 17,437 | 100.8 i 
H VI 14.75 | 7,569 | 2.457 | 18,598 | 16,724 | 89.9 = 
J VI 15.46 | 8,032 | 2.437 | 19,573 | 18,375 | 93.9 H tt 
E Ill 15.68 | 8,776 | 2.430 | 21,325 | 20,742 | 97.3 A 
HV 15.73 | 8,668 | 2.429 | 21,054 | 18,535 | 88.0 : : 
H Ill 15.81 | 8,171 | 2.426 | 19,822 | 18,234 | 92.0 : 
G IV 16.05 | 7,996 | 2.420 | 19,351 | 17,661 | 91.3 : i 
F VI | 16.30 | 7,690/ 2.413 | 18,556 | 17,936 | 96.7 parte 
H VII | 16.30 | 9,013 | 2.413 | 21,748 | 20,370 | 93.7 pert 
E IV 16.41 | 9,909 | 2.409 | 23,871 | 23, 557 | 98.7 sass 
JV 16.59 | 8,877 | 2.404 | 21,341 | 19,293 | 90.4 ith 
FIV 16.67 | 7,919 | 2.402 | 19,021 | 17,606 | 92.6 Fert 
J Ill 16.74 | 7,954 | 2.400 | 19,089 | 17,625 | 92.3 i 
E II 17.36 | 9,306 | 2.382 | 22,167 | 20,990| 94.7 a 
D Ill 17.62 | 9,720 | 2.374 | 23,075 | 22,454 | 97.3 : tt 
DIV 17.67 | 10,587 | 2.373 | 25,123 | 24,007 | 95.6 i 
DI 18.27 | 8,793 | 2.356 | 20,717 | 19,342 | 93.4 
B IV 18.30 | 10,166 | 2.355 | 23,940 | 22,814 | 95.3 
H Il 18.33 | 8,584 | 2.354 | 20,206 | 19,188 | 95.0 
EI 18.55 | 9,157 | 2.348 | 21,500 | 20,479 | 95.2 
HI 18.57 | 8,411 | 2.347 | 19,818 | 19,238 | 97.1 
G Il 18.63 | 8,532 | 2.345 | 20,008 | 19,320| 96.6 
J Il 19.09 | 9,067 | 2.332 | 21,143 | 20,630 | 97.6 
JI 19.52 | 8,455 | 2.320 | 19,616 | 19,064 | 97.2 
F II 19.81 | 8,291 | 2.311 | 19,160 | 19,187 | 100.1 
GI 19.85 | 8,285 | 2.310 | 19,138 | 19,030 | 99.4 
DII_ | 19.88 | 10,121 | 2.309 | 23,368 | 21,824 93.4 
FI | 20.07 | 8,189 | 2.304 | 18,869.| 18,814 | 99.7 
BI | 21.17 | 11,197 | 2.272 | 25,440 | 25,458 | 100.1 +H 
| CI | 21.20 | 8,955 | 2.271 | 20,336 | 19,311 | 95.0 ersitatae 
| CI 21.72 | 10,430 | 2.255 | 23,521 | 23,336 | 99.2 site 
| BIL | 22.41 | 10,713 | 2.236 | 23,954 | 23,629 | 98.6 eset 
| cit | 22.65 | 9,811 | 2.229 | 21,870 | 21,043 | 96.2 aaa e Ts 
BI | 23.03 | 11, 136 | 2 218 | 24,700 | 25,117 | 101.7 seers 
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indirectly computed. Working over the data of some of Kellner’s 
experiments’ we have computed the heat production by using 
equation (C), ys = —0.02886 x + 2.883, and have compared with 
these values the heat production obtained by Kellner by indirect 
determination. Table II shows the results. 


This group of experiments was conducted on oxen which were - 


gaining in weight. The comparison shows that Kellner’s in- 
directly determined heat, in all cases except four, was slightly 
lower than the values obtained with our equation. The range 
of differences is less than that in our own experiments. 

The equations confirm the previous conclusion that the amounts 
of CO, and heat produced are approximately linear functions of 
the feed. As the feed increases in amount the CO, and the heat 
produced do not increase to the same degree; that is, their equa- 
tions (A) and (B) do not represent parallel lines. As the feed 
increases the amount of heat produced does not increase as rap- 
idly as the amount of CO, produced. In other words the ratio 
of CO, to heat has its maximum in fasting, and decreases quite 
regularly, but slowly, with increase in feed. 

This gradual change in the relation of the amount of CO, and 
heat produced is caused by variation in the proportion of the 
kinds of nutriment, from the ration and from the body, which 
are metabolized. 

Increasing amounts of feed give rise to increasing amounts of 
methane fermentation, with a decrease in the ratio of CO, to 
heat produced. Further, the formation of fat from carbohydrate, 
which takes place on heavy rations, would tend to lower this 
ratio. Below maintenance the oxidation of glycogen, body pro- 
tein, and, finally, fat tends to increase this ratio. 

The effect of the data here reported is in general to confirm, 
but slightly to modify, our previous determination of the mathe- 
matical relationship between the CO, and heat production of 
cattle. New equations have been deduced by means of which 
the heat produced can be computed without the use of a calorime- 
ter, and more readily than by the indirect (or balance) method, 
in which the energy of the excreta is subtracted from the total 

energy of the feed, the difference being corrected for the potential 
energy of the gain by the body. 


* Kellner, O., and Kohler, A., Landw. Vers. Sta., 1900, liii, 1. 
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STUDIES OF GAS AND ELECTROLYTE EQUILIBRIA 
IN BLOOD. 


VI. THE ACID PROPERTIES OF REDUCED AND OXYGENATED 
HEMOGLOBIN. * 


By A. BAIRD HASTINGS, DONALD D. VAN SLYKE, JAMES M. 
NEILL, MICHAEL HEIDELBERGER, anv C. R. HARINGTON. 


(From the Hospital of The Rockefeller Institute for Medical Research.) 
(Received for publication, March 31, 1924.) 


The quantitative expression of the water and electrolyte dis- 
tribution in the blood, and of the shifts in the distribution during 
respiration and other physiological changes, rests in large part 
on the relationship between hydrion concentration and the 
amounts of base bound by oxygenated and reduced hemoglobin 
(Van Slyke, Wu, and McLean (1)). It consequently appears 
desirable to determine with accuracy these relationships and to 
construct the curves and equations expressing them. The 
present paper presents experimental and theoretical data di- 
rected to this end. 


Christiansen, Douglas, and Haldane in 1914 (2) discovered that blood has 
a higher CO,-absorbing capacity in the reduced than in the oxygenated 
form, and pointed out the manner in which this property enables the blood 
to absorb in the tissues and expel in the lungs the observed amounts of CO, 
with the observed small changes in CO, tension. The results of 
Christiansen, Douglas, and Haldane were confirmed by Joffe and Poulton 
(3), by Parsons (4), and by Doisy, Briggs, Eaton, and Chambers (5). 

L. J. Henderson (6) showed that the phenomena could be explained 
according to the law of mass action by assuming that combination of 
hemoglobin with a molecule of oxygen increases the acidity of a monovalent 
acid group in the hemoglobin molecule. Such increase in acid strength 





* The results in this paper were presented at the meeting of the American 
Society of Biological Chemists in December, 1923, and are abstracted 
in the Proceedings of that meeting, this Journal (Hastings, A. B., Van 
Slyke, D. D., Neill, J. M., and Heidelberger, M., J. Biol. Chem., 1924, 
lix, p. xx). 
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would cause the hemogoblin on oxygenation, to combine with alkali at the 
expense of that bound as BHCO;, thus freeing CO, for expulsion in the 
lungs. Conversely, deoxygenation of hemoglobin in the tissues would free 
alkali to combine with CO,, and facilitate absorption of the latter. 

The effectiveness of hemoglobin as a buffer, and the interplay of the 
oxidation-reduction effect with the buffer effect in maintaining neutrality 
during the respiratory cycle have been discussed by one of the writers 
(Van Slyke (7, 8)). 

The data available for estimation of the base-binding properties of 
reduced and oxygenated hemoglobin were, however, as pointed out in the 
introductory paper of this series (9), of such a nature as to make possible 
only semiquantitative approximations of the relationships involved, 
partly because of the limitations in accuracy of earlier methods, and 
partly because the experiments had been performed entirely with blood. 
There were no data from solutions of purified hemoglobin. 

In the third paper of the present series, Van Slyke, Hastings, Heidel- 
berger, and Neill (10) furnished experimentally for recrystallized horse 
hemoglobin approximate constants indicating the quantitative magnitudes 
of the buffer values, and of the oxidation-reduction effect on the base- 
binding power; and an empirical equation was developed relating the pH 
and the degree of oxygenation to the amount of base bound by hemoglobin 
in solution. The expression was 


(1) [BHb] = 8, [HbO.] [pH — a] + Bx [Hb,] [pH — 5] 
= 2.64 [HbO,] [pH — 6.59] + 2.45 [Hb,] [pH — 6.80] 


where [BHb] was total base bound by hemoglobin, 2.64 and 2.45 were the 
molegoular buffer values ascertained for oxygenated and reduced hemoglobin 
over the narrow physiological pH range, and 6.59 and 6.80 were constants 
near to but not assumed to be identical with the isoelectric points of oxy- 
and reduced hemoglobin. It was stated that the values for all four con- 
stants were to be regarded as subject to some correction due to the facts 
(1) that the constants 2.45 and 6.80 for reduced hemoglobin had been 
indirectly determined by calculation from experiments on whole blood, 
and (2) that correction for the amount of ‘‘inactive’’ hemoglobin (incapable 
of binding oxygen) present in the preparation was made on the unproven 
assumption that its buffer value and base-binding power were midway 
between those of reduced and oxygenated hemoglobin. 


In experiments to be reported in this paper we have determined 
directly the base-binding power and buffer value of both oxy- 
hemoglobin and reduced hemoglobin over the pH range 6.8 to7.6. 
Similar data on inactive hemoglobin have been obtained, and 
have been found to coincide with those for reduced hemoglobin' 
so that it becomes possible to correct accurately for the effect 
of the inactive hemoglobin in the oxygenated and reduced solu- 


1 Data to be published in a separate paper. 
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tions. With the more accurate data thus obtained, theoretical 
deductions have been reached concerning the chemical changes 
in hemoglobin which result from oxygenation and reduction, 
and which cause the variation in base-binding power that ac- 
companies variation in degree of oxygen saturation. 


Methods. 


The hemoglobin used in most of the experiments was prepared as de- 
scribed by Heidelberger (11). In Experiment 6 an attempt was made to 
purify hemoglobin more completely by introducing a preliminary salting 
out of the cell globulins. Washed red cells were laked with 5 volumes of 
ice water saturated with ether, which had been purified by washing with 
water followed by drying first over calcium chloride and finally over solid 
sodium hydroxide. Ether purified in this way does not convert oxyhemo- 
globin to methemoglobin. After having stood overnight the solution was 
treated with an equal volume of saturated ammonium sulfate solution, and 
was then siphoned off as rapidly as possible through a number of large 
folded filters to remove the globulin precipitate. The filtrate was allowed 
to stand in the refrigerator overnight for the oxyhemoglobin to crystallize. 
Crystallization often began before the filtration was complete, and the 
substance separated in particularly fine, large, glistening crystals. The 
supernatant liquor was decanted and the crystals were collected on a large 
Biichner funnel and washed with small portions of water saturated with 
4:1 carbon dioxide-oxygen mixture. Recrystallization was then carried 
out as in Heidelberger’s method. Since the results obtained in this experi- 
ment were identical with those obtained from hemoglobin prepared 
throughout by Heidelberger’s original method, the latter was used for the 
preparations employed in the other experiments. 

Solutions were made of such strength that the concentration of hemo- 
globin was approximately 7.0 mm. The alkali used for solution of the 
hemoglobin was at various times 30 mm NaOH, 30 mm KOH, 50 mm KOH, 
and 30 mm KOH plus 115mm KCl. The 50 mm KOH was used in two ex- 
periments in order to obtain pH values above 7.6 without lowering poo. 


H.CO 
so far as to prevent accurate estimation of the BHCO, ratio. 


In determining the CO, absorption curves, the technique used 
was that already described by Van Slyke, Hastings, Heidel- 
berger, and Neill (10) with the simplification introduced by Van 
Slyke, Wu, and McLean, whereby the initial gas tensions are 
approximated by pressure rather than volume measurements. 
With each hemoglobin solution one CO, absorption curve was 
determined on an oxygenated portion, and one curve on a por- 
tion reduced with hydrogen. The temperature was always 38°. 
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In the earlier experiments of those here presented the concen- 
trations of total base were estimated from the amounts of alkali 
added to the hemoglobin solutions, the hemoglobin preparations 
being assumed to be base-free. In the later experiments the total 
base concentration was directly determined by a slight modifica- 
tion of the method published by Van Slyke, Wu, and McLean (1), 
which adapted it for small amounts of material. With this 
method a series of experiments was run to determine the efficiency 
of the method of dialysis used by Heidelberger (11). These ex- 
periments were carried out as follows: 


Experiment to Determine the Rate at Which Base Is Dialyzed from Hemoglobin 
through Collodion Bags. 











3% 3 Determinations on Hb samples taken 
. ag 3 3 from collodion bags. 
, 3.2 
2 be 83 5 a 
= . z 2s ; e.: > . S10 Remarks. 
2 |ey | = $3 | 3 /9./ & | se 
2 Ge. | 3S 3 sé 2 3 313 
g |8**| 2*| 2 |-2% | 2 | 2 | 22 
mhos. | ort. | "porte | "per | "port | pert, | ™™M 
0 12.4 | 0.96 | 25.4 3.8 | 21.6 | 13.2 | 1.64 | Analyses on mixed 
2 2.7 | 0.58 | 17.2 | 3.8 | 13.4] 9.6 | 1.40 samples of Hb 
3 4.7 | 0.74 | 12.5] 3.0] 9.5] 10.2 | 0.94 crystals and su- 
5 2.3 | 0.68 | 12.5 | 2.4] 10.1 | 10.6 | 0.95 pernatant  solu- 
tion taken from 
bags. 
7 7.8 | 6.5 | 1.3 | 14.2 | 0.09 | Analyses on washed 
crystals. 
7 17.2 | 2.28 | 22.8 10.0 | Analyses on super- 
natant solution. 












































Determinations of the conductivity and hemoglobin content 
of saturated solutions of the hemoglobin crystals were made on 
successive days after dialysis was begun. These results are 
shown in Columns 2 and 3 of the above table. At the same 
time determinations were made of the total base and hemo- 
globin content of mixed samples of the hemoglobin crystals 
taken from the collodion bags. The millimols of total base per 
millimol of hemoglobin are given in Column 8. The results 
of these analyses indicate that a considerable amount of base 
is left in the collodion sacs even after 6 days dialysis. That this 
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base is not in the crystals, but in the mother liquor, however, 
is shown by the fact that upon filtering and washing the 
crystalline hemoglobin a negligible amount of base was found 
in it, whereas the supernatant solution contained a considerable 
amount. The data therefore support the assumption that the 
washed crystals can be obtained practically free from base. 


Calculations and Symbols. 


The pH has been calculated from Hasselbalch’s formula 


[BHCO,] 
[H2COs] 





pH = pK’ + log 


_ pK’ was found by simultaneous H.CO;, BHCOs;, and electro- 


metric pH determinations to be 6.17 for 7 mm hemoglobin solu- 
tions in which the cation concentration was either 30 or 50 mm 
and 6.11 for solutions whose cation concentration was 145 mm, 
[H.CO;] being estimated by means of the ago, determined as 
given below. 


{BHCO3] = [CO,] — [H:COsj 


co, X Pco, a 
[H.COs] . ee 0.0587 a, Dp. 
760 X 0.0224 ties 
Poo, = tension of CO, in mm. of Hg. 
leog! = total concentration of CO, in mm per liter of solution. 
Qo, = 0.555 X HO, 
H.0, = kg. of H.O in 1 liter of solution. 


The calculation of ago,for our hemoglobin solutions as 0.555 
xX H,O, was adopted as the result of experiments in which the 
solubility coefficient of CO2 in acidified hemoglobin solutions 
at 38°C. was determined. These solubility coefficients were in 
accordance with the above empirical formula. 

The following symbols are used for hemoglobin and its salts. 


Hb = total hemoglobin, expressed in mols of oxygen 
capacity. 
BHb = equivalents of base bound by total hemoglobin. 
BHbO, = ™ oe “ — “ oxyhemoglobin. 
BHbg = “ _—o “« © yeduced hemoglobin. 


d{BHb] i A[BHb] _ increase in base bound by hemoglobin 
d(O.Hb] ~ A[O.Hb] increase in oxygen bound by hemoglobin 
constant pH and hemoglobin concentration. 
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A|BHb] 
A[O.Hb] 
increase in B bound by Hb 
increase in O2 bound by Hb 


The expression 





suggests its significance, 


somewhat better than does 





————.- For this reason we have reversed in this expression 


the usual HbO, symbol. 
The base bound by the hemoglobin has been calculated from 
the formula 


[BHb] = [B] — [BHCOs;] where 
[BHb] = base bound by total reduced, oxygenated, and inactive hemo- 
globin = [BHbg] + [BHbO,] 
[B] = total base present (except that added as chloride) = [BHb] + 
[BHCO3] 


All the concentrations [Hb], [BHCO3], [H:COs], etc., in the pres- 
. ; . millimols solute 
ent paper are given in terms of the volume ratio ———————__—_- 
liter solution 
Since no osmotic phenomena are considered, it is not neces- 
omate ratio employed by Van Slyke, Wu, 
water . 
and McLean (1). The volume ratio is consequently used here 
for its greater convenience. 

As in Paper V (1), [Hb] is used to indicate the total hemoglobin 
concentration in place of the less distinctive C employed in 
Papers III and IV. The other symbols are consistent with 
those of the previous papers in this series. 

We have used, as in Paper III (9), the symbols Bo and 8g for 
molecular buffer values of oxygenated and reduced hemoglobin. 





sary to use the 


d [BHbO,] 


~ [HbO,] dpH 
d [BHb,] 


Oo 





R 


The base calculated as BHb by the above equation, [BHb] = 
[B] — [BHCO,], in reality represents excess of base (Na or K) 
over acid (H2CO; or HCl) bound by hemoglobin. Some of the 
[BHCO;] estimated as [CO.] — [H2COs;], even on the alkaline 
side of the isoelectric point of hemoglobin, is presumably bound 
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to the protein, the B by the acid groups, the HCO; by the amino 
groups, the result being a double salt most simply represented 
as BHb(HCO;). If such protein double salts are ionized to 
the same extent as BHCO;, however, the ionic concentrations 
will be the same, whether formed by the reaction 


BHbHCO; = Bt + HCO’; + Hb* 


or by the reaction 


BHCO; = B+ + HCO’; 


Absolutely complete reduction of hemoglobin with hydrogen 
is difficult to attain, and in most cases was only approximated 
in our experiments. The oxygen contents of the reduced solu- 
tions were determined, however, and the [BHb] corresponding 
to complete reduction was estimated by extrapolation according 
to the fact previously established (9) that the dIBHb} ratio 

d[O.Hb] 
at a given pH is constant, and unaffected by the degree of oxy- 
genation. 

Complete oxygenation is likewise difficult to obtain in solutions 
of purified hemoglobin, because a few per cent of the hemoglobin 
is usually inactivated (changed to methemoglobin) in the process 
of preparation. It will be shown in a separate, paper that the 
inactive hemoglobin binds the same amounts of base as reduced 
hemoglobin. On this basis the observed [BHb] values are extra- 
polated, not only for complete reduction, as described above, 
but also for complete oxygenation. The data thus estimated 
are given in parentheses in Tables Ia, Il a.... XV a. 


RESULTS. 


The results of our experiments with thirteen preparations of 
recrystallized horse hemoglobin and two of dog hemoglobin are 
given in Tables I to XV and Figs. 1 to 15. As indicated in the 
summarizing Tables XVI and XVIII, sodium salts were used 
in some experiments, potassium in others, the results being, 
within the limit of experimental error, identical with both. 











96 Acid Properties of Hemoglobin 

















TABLE I. 
Experiment on Horse Hemoglobin No. H 16. Oct. 17, 1922. 
Total H,0 = 870.0 gm. per liter. 

* i = 9.22mu “ “ 

“ HbO, = 8.44 “ “ “ 

“ NaOH = 30.78 “ : “ “ 

Conductivity = 8.6 xX 107-5 
co, = 0.555 X 0.870 = 0.4828 
H:,CO; = Poco X 0.02834 
pK’ = 6.17 

No. | Pos TOL ([HbO:] | Peco, | [H2COs] (On |pHcon pH | [BHb] 
mm, mM mM mm. mM mM ™mM m.-Eq. 
1 | (1385) | 8.06] 7.90] 55.7 | 1.579 | 18.71 | 17.13 | 7.205 | 13.65 
18.59 | 17.01 | 7.202 | 13.77 
2 | (1385) | 8.06} 7.90 | 40.4 | 1.145 | 16.15 | 15.00 | 7.287 | 15.78 
3 | 139.6 | 8.22] 8.06 27.8 | 0.7880] 13.30 | 12.51 | 7.370 | 18.27 
4 | 139.2] 8.08 | 7.92] 19.3 | 0.547 | 10.91 | 10.36 | 7.447 | 20.42 
5 4.0} 0.53] 0.53} 69.4 | 1.967 | 23.47 | 21.50 | 7.209 | 9.28 
6 4.8| 0.66 0.66 | 52.2 | 1.480 | 20.94 | 19.46 | 7.289 | 11.32 
7 0.0} 0.74] 0.74] 36.6 | 1.038 | 18.13 | 17.09 | 7.386 | 13.69 
s 8 0.0; 1.08} 1.08 | 25.0 0.7085 15.23 | 14.52 | 7.482 | 16.26 


























TABLE I a. 
Summary of Results on Horse Hemoglobin No. H 16. Oct. 17, 1922. 
Total [Hb] = 9.22 mm per liter. 


























Oxygenated solutions. | Reduced solutions. 

pH | | | [BHb,] won 
[BHbO:] Rn} | AlO2Hb) 

[HbO:] [BHb] [HbOs} [HbO:] | [BHb] | [Hts] 
: mM m.-Eq. m.-Eq. mM m.-Eq. m.-Eq. m.-Eq. 
7.2 7.90 13.44 0.53 9.0 0.602 

(9.22)* | (14.23) (1.54) (0.00) , (8.68) (0.94) 
7.4 7.92 18.94 | 0.80 14.05 0.687 

(9.22) (19.83) (2.15) | (0.00) | (13.50) (1.46) 








pH 7.3 
Bo 3.05 
Br 2.6 





* The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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TABLE ll. 


Experiment on Horse Hemoglo 
Total H,0 = 891. 


bin No. H 18. Oct. 19, 1922. 
0 gm. per liter. 


= 7.73mu “ “ 
HbO, = 6.92 “ 

"“ 7a? ae lh flUlCU 
Conductivity = 4.4 x 1075 


co, = 0.555 X 0.891 = 0.4943 





No.| Po | Tota! | [HbO:} 





| mm. | mM mM 
1 | (1385) | 6.63! 6.46 

| | 6.63 
2 | (135) | 6.69| 6.52 
3 | (135) | 6.68| 6.51 
4 | (135) | 6.68 | 6.51 
5 | ©) | 0.36] 0.36 | 
6 | ©) | 0.35] 0.35 
7} ©) | 0.40/ 0.40 
8 | ©) | 0.73] 0.73 
9 | (135) | 5.6 | 5.04 | 
10 | ©) | 0.22) 0.22 


| mm. | mM mM 
| 62.0 | 1.800 | 21.23 
| 62.0 | 1.800 | 20.75 
43.3 | 1.257 | 17.87 
| | 17. 
| 30.1 | 0.874 | 15.31 
| 21.6 | 0.627 | 13. 
| 72.4 | 2.103 | 24.70 
| 54.7 | 1.588 | 22.34 
| 38.8 | 1.127 | 19.93 
27.7 | 0.804 | 17.29 
504.0 |14.63 | 49.50 
49.30 | 
| 307.5.| 8.93 | 41.9 
| 42.0 





-Summary of Results on Horse Hemoglobin No. H 18. 


TABLE Il a. 





H:CO: = Poo: X 0.02904 
pK’ = 6.17 
| Pcoe {[H2COs]} Total 


[COs]. 


20 | 


94 | 





[BHCOs]|_ pH | {BHb] 
mM | m.-Eq. 
19.43 | 7.203 | 11.35 

| 18.95 | 7.192 | 11.83 
| 16.61 | 7.291 | 14.17 
16.68 | 7.291 | 14.10 

| 14.44 | 7.388 | 16.34 
12.57 | 7.472 | 18.21 
22.60 | 7.202 | 8.18 
20.75 | 7.286 | 10.03 
| 18.80 | 7.392 | 11.98 
| 16.49 | 7.482 | 14.27 
34.87 | 6.547 |—4.09 
34.67 | 6.545 |—3.89 
| 32.97 | 6.737 |—2.19 
2.29 


| 33.07 | 6.739 |— 


Oct. 19, 1922. 


Total [Hb] = 7.73 mm per liter. 





Reduced solutions. 























Oxygenated solutions. 
pH | en A(BHb] 
: [BHbO:] ; | [BHby] | AjOzHb] 
| [HbO:] [BHb} “THbO:) [HbO:] [BHb] | [Hb,) 
mM | ‘ii. | rr ma | oma Ba. | m.-Eq. m.-Eq ‘ 
6.8 | 6.15 2.1 0.22 |-0.9 | | 0.506 
| (7.73)* | (2.90) | (0.38) | (©.00) |(—1.01) |(—0.13) 
| | 
7.0 | 6.35 6.9 | 0.27 | 3.5 | 0.559 
| (7.78) (7.67) | (0.99) | (©.00) | (3.35) | (0.43) 
7.2) 6.45 | 11.7 0.32 | 7.95 | | 0.612 
| (7.73) | (12.48) | (1.61) | (0.00) | (7.75) | (1.00) | 
7.4 | 6.51 16.5 0.40 12.4 | | 0.671 
(7.73) | (17.32) (2.24) | (0.00) | (12.13) | (1.57) 
‘pH |6.9 |7.1 |7.3— 
Bo | 3.05 | 3.1 | 3.15 
Bn | 2.8 | 2.85 | 2.85 





*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 


directly above them. 
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Experiment on Horse Hemoglobin No. H 24. Nov. 29, 1922. 
Total HO = 895.0 gm. per liter. 
“« = 7.48 mm “ “ 
“ HbO, = 7.04 “ “ “cc 
* Bee ee FC 
Conductivity = 3.5 X 10-5 
@co. = 0.555 X 0.895 = 0.497 
H:CO; = Pco. X 0.0292 
pK’ = 6.17 
| | | | | 
No.| Po: | To | (HbO:] | Peon | (200s) Sieh |(BHCOsl] pH | (BHD) 
| mm. |} mu | mu | mm. | mM | mM | mst m.-Eq. 
1 (135) | 6.50 | 6.34 | 195.3 | 32.91 5.70 | 27.21 | 6.849 | 3.57 
2 (0) | 0.21 | 0.21 | 232.3 | 37.30 | 6.78 | 30.52 | 6.824} 0.26 
3 | (135) 6.53 | 6.37 | 106.3 | 25.90 | 3.104 | 22.80 | 7.036 | 7.98 
4 | (0) | 0.25 | 0.25 | 124.5 | 29.81 | 3.634 | 26.18 | 7.028 | 4.60 
5 | (135) | 6.68| 6.52] 56.3| 20.25 | 1.643 | 18.61 | 7.224 | 12.17 
6 (0) 0.44 | 0.44| 69.2 | 24.47 2.020 | 22.45 | 7.216 | 8.33 
7 (135) 6.68 | 6.52 28.1 | 15.32 | 0.820 | 14.50 | 7.417 | 16.28 
8 (0) 0.51 0.51 37.2 | 19.74 1.086 | 18.65 | 7.405 | 12.13 
9 (135) 6.74 | 6.58 | 13.6 | 11.16 | 0.397 | 10.76 | 7.603 | 20.02 
10 (0) 0.49 | 0.49 | 18.9 | 15.75 | 0.552 | 15.20 | 7.610 | 15.58 
TABLE III a. 
Summary of Results on Horse Hemoglobin Ne. H 24. Nov. 29, 1922. 
Total [Hb] = 7.48 mm per liter. 
Oxygenated solutions. Reduced solutions. 
pH | [BHD] AI[BHb) 
| [BHbO:] zn] | AlO:Hby 
|HbO:] [BHb] | “{HbOa] || /HbO:! [BHb| | [Hib,) 
mM .-Eq. m.-Eq. mM Eq. | m.-Eq. m.-Eq. 
6.8 | 6.30 2.40 | 0.21 00 | 0.394 
(7 .48)* (2.87) | (0.38) (0.00) |(— “a 08) \(—0 01) 
7.0] 6.35 7.10 | 0.25 4.10 | 0.492 
7.48) (7.66) | (1.02) (0 00) (3.98) | (0.53) 
7.2| 6.50 11.60 | 0.40 8.08 | 0.577 
(7.48) (12.16) | (1.63) (0.00) (7.85) (1.05) | 
i | 
7.4/ 6.52 | 16.0 | | 0.51 | 12.05 | | 0.657 
(7.48) (16.64) (2.22) | (0.00) | (11.71) | (1.56) | 
| | 
| | | | | | 
7.6 | 6.57 | 20.10 | | 0.49 | 15.40 0.773 
| (7.38) (20.80) | (2.78) (0.00) (15.02 (2.01) 
pH | 6.9/7.1 |7.3 | 7.5 
Bo 3.2 | 3.05 | 2.95 | 2.8 
Be | 2.7126 | 2.6 | 2.25 


* The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 














directly above them. 
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TABLE IV. 
Experiment on Horse Hemoglobin No. H 25. Dec. 5, 19 
Total H:O = 894.0 gm. per liter. 


a“ S 
- HbO, 
“ NaOH = 


| 


7.48 mm 


“ “ 


6.90 “cc “ “ 
30.78 “ “ “ 


Conductivity = 4.7 X 10-5 


22. 

































































aco, = 0.555 X 0.894 = 0.496 
H:CO; = peo X 0.02914 
pK’ = 6.17 
No.| P, Total | tHbO2} | P | UH cos}! Tet! |pHco)) pH | [BHD] 
NO. ‘02 [Oz]. — Coz dl [COs]. 7 Pp 
mm mM “| mm. | mm | mM | mM | m.-Ea. 
1 (135) 6.26 6.10 | 200.2 5.840 | 34.15 | 28.31 6.857 2.47 
2 (0) 0.24 0.24 | 230.2 6.705 | 38.17 | 31.46 | 6.841 |—0.68 
3 (135) 6.46 6.30 | 107.8 3.142 26.84 23.70 | 7.047 7.08 
4 1.85 0.20 | 0.20 | 127.6 3.720 | 31.00 | 27.28 | 7.035 3.50 
5 (135) 6.55 | 6.39 | 57.1 | 1.665 | 20.98 | 19.31 | 7.234 | 11.47 
6 1.70 0.26 0.26 | 71.4 2.082 | 25.66 | 23.58 | 7.224 | 7.20 
7 (135) 6.51 6.35 | 28.8 | 0.840 16.07 | 15.23 | 7.428 15.55 
8 1.67 0.50 0.50 | 38.8 | 1.131 | 20.49 | 19.36 | 7.404 11.42 
9 (135) 6.47 6.31 13.5 0.394 11.82 | 11.43 7.633 | 19.35 
10 2.34 0.59 0.59 | 18.7 0.545 | 16.10 | 15.55 7.625 | 15.23 
| 
TABLE IV a. 
Summary of Results on Horse Hemoglobin No. H 25. Dec. 5, 1922. 
. Total [Hb] = 7.48 mo per liter. 
Oxygenated solutions. | Reduced sclutions. 
pH | | [BE Ib, 7 AIBHb] 
| [BHbO:] | x] | AlOsHby 
[HbO:] [BHb] "[THbO:) — | [HbO2] | [BHb] "[Hba] 
=  --? 7 —_— m.-Eq. oe | m.-Ba. | m.-Eq. m.-Eq. ; 
6.8 6.05 | 1.10 | O 23 | —1.05 | 0.4388 
(7.48)* | (1.73) | (0.23) | (0.00) |(—1.55) |(—0.21) 
| | 
‘ 7.0} 6.25 | 5.95 | 0.2 | 28 | 0.521 
(7.48) | (6.59) | (0.88) | (0.00) | (2.70) | (0.36) 
7.2| 6.37 | 10.73 0.2 | 6.98 | 0.614 
(7.48) | (11.41) | (1.53) | (0.00) | (6.82) | (©.91) | 
7.41 636 | 15.0 0.50 | 11.30 | | 0.632 
(7.48) | (15.71) | (2.10) (0.00) | (10.98) | (1.47) 
| 
7.6| 6.30 | 18.77 | 0.57 | 15.0 | | 0.658 
(7.48) | (19.55) | (2.61) | (0.00) | (14.62) | (1.95) | 
pH |6.9 |7.1 |7.3 | 7.5 
Bo | 3 A | 3.25 | 2.85 | 2.85 
7 Be | 2.85 | 2.75 | 2.80 | 2.4 








* The numbers enclosed in parentheses indicate values for complete 


oxygenation or reduction extrapolated from the experimental values 


directly 





above them. 
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TABLE V. 
Experiment on Horse Hemoglobin No. H 26. Dec. 7, 1922. 
Total HO = 880.0 gm. per liter. 
“« = 848mm “ “ 
“ HbO, a 8.38 “ “ 
“ NaOH = 30.78 “ _— 
Conductivity = 4.5 X 107 
_ Qo, = 0.555 XK 0.880 = 0.4883 
H:CO; = peo, X 0.02870 





























pK’ = 6.17 

Po. | Tete! | 1HbO=1 | Peo: |{HsCOsl| Ze! |BHCOs|| pH 

mm. mM , mM mm. mM mM ™M 
1 | (135) | 7.43 | 7.27 | 227.4 | 6.530 | 35.81 | 29.28 | 6.821 
2 (0) 0.23 | 0.23 | 234.5 | 6.732 | 38.53 | 31.80 | 6.844 
3 |° (135) | 7.64] 7.48 | 103.5 | 2.970 | 25.62 | 22.65 | 7.052 
4 | 2.9 | 0.25] 0.25 | 127.0 | 3.646 | 30.87 | 27.22 | 7.043 
5 | (185) | 7.80} 7.64} 50.9 | 1.461 | 19.16 | 17.70 | 7.254 
6 | 3.0 | 0.34] 0.34] 67.7 | 1.943 | 24.74 | 22.80 | 7.239 
7 | (185) | 7.91 | 7.75 | 22.8 | 0.6543) 13.53 | 12.88 | 7.464 
8 | 2.5 | 0.62] 0.62| 33.8 | 0.971 | 19.10 | 18.13 | 7.441 
9 | (135) | 7.98 | 7.72 9.2 | 0.264 | 6.51 | 8.25 | 7.665 
10 | (0) | 0.78} 0.78} 15.8 | 0.4535) 14.44 | 13.99 | 7.659 
11 | (135) | 7.87] 7.71] 2.25) 0.646 | 3.75] 3.10 | 7.851 
12 | (0) | 1.77| 1.77] 6.58) 0.1889} 9.13 | 8.94 | 7.845 
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TABLE V a. 
Summary of Results on Horse Hemoglobin No. H 26. Dec. 7, 1923. 
Total [Hb] = 8.48 mm per liter. 






























































Oxygenated solutions. Reduced solutions. 
H A|BHb] 
P BHb,] 4 [O:Hb]} 
[BHbO>] [BHb, 
[HbO:] [BHb] [HbOs] [HbO;] [BHb] (Hib, 
es mM m.-Eq. m.-Eq. mM m.-Eq. m.-Eq. m.-Eq. 
6.8 | 7.27 1.0 0.22 —2.0 0.426 
(8.48)* (1.52) (0.18) (0.00) (-—2.9) |(—0.34) 
7.0| 7.42 6.8 0.25 2.5 0.600 
(8.48) (7.44) (0.88) (0.00) (2.35) (0.28) 
7.2] 7.57 12.0 0.33 7.03 0.686 
(8.48) (12.62) (1.49) (0.00) (6.80) (0.80) 
7.4| 7.73 6.58 0.56 11.62 0.692 
(8.48) (17.10) (2.02) (0.00) | (11.23) (1.32) 
7.6 | 7.75 21.03 0.72 15.92 0.727 
(21.56) (2.55) (0.00) | (15.40) (1.82) 
pH | 6.9 7.1 7.3 | 7.5 
Bo | 3.5 | 3.05 | 2.65 | 2.65 
Br | 3.10 | 2.60 | 2.60 | 2.50 
*The numbers enclosed in parentheses indicate values for complete 





26 
24 
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oxygenation or ‘reduction extrapolated from the experimental values 
directly above them. 








eS hop 5s. 


Total HO 


“ 
“ 


“ 


Total 


[Oz]. 


No. | Por 

| 

| mm. 
1 | (135) 
2/| ©) | 
3 | (135) | 
| (0) 
5 (135) | 4 
6 (0) | 
7 | (135) | 
8 (0) 
9 | (135) | 
10 | ©) | 


mM 
4.49 
- 13 
53 
; 13 
4.62 
0.32 
4.71 
0.20 
4 ~ 
0.: 





TABLE V1. 
Experiment on Horse Hemoglobin No. H 32. Dec. 27, 1922. 


= 920.0 gm. per liter. 








TABLE VI a. 























Hb = 5.69mm “ “ 
HbO, =~ 503“ “«< « 
NaOH = 300 “ “ « 
aco, = 0.555 X 0.920 = 0.5108 
H.CO; = peo: X 0.03 
pK’ = 6.17 
| [HbO2] | Poo: | ::con (cea. [BHCOs]} pH [BHb] 
mM mm. mM | ™M mM m.-Eq. 
4.33 | 209.4 | 6.282 | 34.05 | 27.77 | 6.815 | 2.23 
0.13 | 230.9 | 6.927 | 36.70 | 29.77 | 6.803 | 0.23 
4.37 | 118 . | 3.549 | 27.69 | 24.14 | 7.003 | 5.86 
0.13 | 133.9 | 4.017 30.76 | 26.74 | 6.994] 3.26 
4.46 | 68.0 | 2.040 | 23.31 | 21.27 | 7.188 | 8.73 
0.32 | 77.9 | 2.337 | 26.12 | 23.78 | 7.177 | 6.22 
4.55 | 38.1 | 1.143 | 19.28 | 18.14 | 7.370 | 11.86 
0.20 | 44.7 | 1.341 | 22.56 | 21.22 | 7.369 | 8.78 
4.49 | 22.9 | 0.687 | 16 42 | 15.73 | 7.530 | 14.27 
0.39 25.2 | 0.756 | 19.03 | 18.27 | 7.553 | 11.73 














Summary of Results on Horse Hemoglobin No. H 32. Dec. 27, 1922. 
Tots al [HB] = = 5.69 mm Mi per liter. 
eeiiias ated solutions. Reduced solutions. 
4 — ~| A[BHb} 
pH | | ([BHbO:] [BHb,] | A [O:Hb] 
: , : a | 2 
[HbO:] {BHb] [HbOs) [HbO:]} [BHb] (Hb | | 
rn mM | m.-Eq. m.-Eq. mM —_ es “= analiie, | ai, 
6.8| 4.33 1.90 0.13 0.23 | 0.398 
| (5.69)* | (2.35) (0.41) (0.00) | (0.29) (0.03) | 
| 
7.0| 4.37 5.85 0.13 | 3.40 | | 0.573 
| (5.69) (6.57) | (1.15 0.00) | (3.33) | (0.59) 
7.2| 4.46 9.02 0.32 | 6.35 0.621 
(5.69) | (9.79) 1.72) | (0.00) | (6.15) | (1.08) 
7.4| 4.55 | 12.24 | 0.20 9.40 | 0.653 
| (5.69) (12.98) (2.28) | (0.00) (9.27) | (1.63) 
pH | 6.9 | 72 | 7.3 
Bo | 3.7 2.85 | 2.8 
Bn | 2.85|2.5 | 2.75 





* The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 


directly above them. 
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TABLE VII. 
Experiment on Horse Hemoglobin No. H 48. Mar. 16, 1923. 












































Total H:0 = 885.0 gm. per liter. 

“ Hb = §8§.87mu “ “* 

“ HboO, = 7.82 “ - * 

“ KOH = 2.88 “ 7s 

aco, = 0.555 X 0.885 = 0.491 
pK’ = 6.17 
No.| Po, | nn [HbO2:] | Peo. | [HsCOs] CCl. [BHCO:]} pH | [BHb) 
| 
mm, ™M mM mm. ™M mM mM m.-Eq. 
1 |*(135) 5.60 5.44 | 211.1 | 6.095 | 31.03 | 24.93 | 6.782 1.95 
2 (0) 0.44 0.44 | 226.8 | 6.545 | 33.94 | 27.39 | 6.792 |—0.51 
3 | (185) | 7.21] 7.05 | 112.3 | 3.241 | 23.07 | 19.83 | 6.956 | 7.05 
4 (0) 0.22 0.22 | 1382.6 | 3.826 | 27.10 | 23.27 | 6.954 3.61 
5 (135) 7.40 7.24 60.7 | 1.753 | 17.45 | 15.70 | 7.122 | 11.18 
6 (0) 0.18 0.18 68.8 | 1.986 | 21.87 | 19.88 | 7.170 7.00 
7 | (185) | 7.22 | 7.06 | 32.2 | 0.9295) 12.89 | 11.96 | 7.280 | 14.92 
8 (0) 0.37 | 0.37 | 40.9 | 1.181 | 16.98 | 15.80 | 7.296 | 11.08 
9 (135) 7.30 7.14 15.1 | 0.4357} 8.79 8.35 | 7.452 | 18.53 
10 (0) 0.99 0.99 20.8 | 0.600 | 12.44 | 11.84 | 7.465 | 15.04 
TABLE VII a. 


Summary of Results on Horse Hemoglobin No. H 43. Mar. 16, 1923. 
Total [Hb] = 8.87 mm per liter. 















































Oxygenated solutions. Reduced solutions. 
pH eenee (BHD, | 4 (BHD) 
; 2 . R 4 [O:Hb] 
[HbO:] [BHb] [HbO»] [HbO:] [BHb] (Hb ,,] 
waa mM m.-Eq. m.-Eq. ™M m.-Eq. m.-Eq. m.-Eq. 
6.8 5.44 2.55 0.32 —0.3 0.504 
(8.87)* | (3.78) | (0.43) (—0.46) |(—0.05) 
7.0 7.10 8.2 0.20 4.23 0.575 
(8.87) (9.22) (1.04) (4.11) (0.46) | - 
7.2] 7.15 13.03 0.22 8.8 0.610 
(8.87) | (14.08) | (1.59) (8.66) | (0.98) 
7.4 7.13 17.43 0.73 13.40 0.630 
(8.87) (18.50) (2.09) (12.94) (1.46) 
pH | 6.9 | 7.1 7.3 
Bo | 3.05 | 2.75 | 2.5 
Be | 2.55 | 2.60 | 2.4 











*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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TABLE VIII. 
Experiment on Horse. Hemoglobin No. H 46. 


“ Hb = 5.70mmu “ 
“ HbO, = 4.47 “ , “ 
“ KOH = 300 “ « 


co, = 0.555 X 0.9197 


H.CO; = Pco X 0.03 


= 919.7 gm. per liter. 


“ 
“ 


“ 


= 0.510 


Mar. 27, 1923. 










































































pK’ = 6.17 
No | Po Tou [HbO2] | Poco: | [H2COs] ioe. [BHCO:]} pH | [BHb| 
mm, mM mM mm, mM mM mM m.-Eq. 
1 (0) 0.24 | 0.24 | 231.1 | 6.933 | 37.06 | 30.13 | 6.808 |—0.13 
2 | (135) 4.19 | 4.03 | 201.4 | 6.042 | 33.66 | 27.62 | 6.830 | 2.88 
3 (0) 0.38 0.38 | 136.4 | 4.092 | 31.15 | 27.06 | 6.901 2.94 
4 | (135) 4.23 | 4.07 | 124.8 | 3.744 | 28.82 | 25.08 | 6.996 | 4.92 
5 (0) 0.31 | 0.31] 77.2 | 2.316 | 26.61 | 24.29 | 7.190} 5.71 
6 | (185) | 4.21] 4.05] 63.5 | 1.905 | 23.49 | 21.58 | 7.224 | 8.42 
7 (0) 0.36 | 0.36 | 43.5 | 1.305 | 22.68 | 21.37 | 7.384 | 8.63 
8 | (135) 4.26 | 4.10 | 48.1 | 1.443 | 21.33 | 19.89 | 7.309 | 10.11 
TABLE VIII a, 
Summary of Results on Horse Hemoglobin No. H 45. Mar. 27, 1923. 
Total [Hb] = 5.70 mm per liter. 
Oxygenated solutions. Reduced solutions. 
pli [BHb 4 (BHb] 
[BHbO:] ([BHbp} | 2[O:Hb) 
[HbOs3] {BHb] [HbOs] {HbO:] | [BHb] [Hb,| 
mM m.-Eq. m.-Eq. mM | m.-Eq. m.-Eq. m.-Eq. 
6.8 | 4.02 1.9 0.25 0.1 0.477 
(5.70)* (2.7) (0.47) | (0.00) |(—0.02) |(—0.004) 
7.0 | 4.07 4.97 0.38 3.0 0.534 
(5.70) (5.84) (1.03) (0.00) (2.8) (0.49) 
7.2} 4.05 8.05 0.30 5.9 0.573 
(5.70) (9.00) (1.58) (0.00) (5.73) (1.01) 
7.4| 4.10 11.15 0.35 8.8 0.627 | 0.627 
(5.70) (12.15) (2.13) (0.00) (8.58) (1.51) 
pH | 6.9 | 7.1 | 7.3 
Bo | 3.7 | 2.75 | 2.8 
Ba | 2.6 | 2.5 | 2.65 


*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 


directly above 


them. 
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Experiment on Horse Hemoglobin No. H 58. June 14, 1923. 
902.0 gm. per liter. 


“ “ 


Acid Properties of Hemoglobin 


Total H,O 


“ “ 


“cc “ 


0.555 X 0.902 = 0.501 














— 
% CS CONHD TH pm Oo bo — 











Poo: X 0.0294 

Po | ToL (Cor), |[BHCOs) [BHD] 
mm, mM mM mM mM m.-Eq. 
(135) | 5.78 | 5.62 33.04 | 27.10 2.90 
27.14 2.86 

(0) 0.05 | 0.05 36.48 | 29.71 0.29 
(135) 5.89 | 5.73 25.83 | 22.68 | 7. 7.32 
(0) 0.04 | 0.04 30.11 | 26.31 | 7 3.69 
(135) 6.00 | 5.84 20.25 | 18.59 | 7. 11.41 
(0) 0.08 | 0.08 24.35 | 22.32 | 7. 7.68 
(135) 6.07 | 5.91 15.59 | 14.75 | 7. 15.25 
(0) 0.17 | 0.17 20.03 | 18.90 | 7. 11.10 
(135) | 6.11} 5.95 11.12 | 10.73 | 7 19.27 
(0) | 0.38 | 0.38 15.94 | 15.36 | 7 14.64 

31.46 | 30.15 
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* Solution of 30 mu KOH. 
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TABLE IX a. 


Total [Hb] = 7.08 mm per liter. 





Summary of Results on Horse Hemoglobin No. H 58. June 14, 1983. 





Oxygenated solutions. | Reduced solutions. 









































[BHbO:] [BHbyj | A[O:Hb] 
| , mM m.-Eq. m.-Eq. | ™M m.-Eq. m.-Eq. m.-Eq. 
6.8| 5.60 | 2.15 | 0.05 | —0.03 0.393 
| (7.08)* (2.73) (0.38) | (0.00) |(—0.05) |(—0.007) 
7.0} 5.73 | 6.80 0.05 3.65 0.555 
| (7.08) (7.55) (1.07) (0.00) (3.62) (0.51) 
| 
7.2| 5.83 | 11.10 0.10 7.40 0.646 
| (7.08 | (11.91) | (1.68) | (0.00) | (7.34) | (1.04) 
7.4} 5.90 15.0 0.20 11.10 0.684 
| (7.08) (15.81) (2.23) (0.00) | (10.96) (1.55) 
7.6} 5.95 19.1 0.40 14.8 0.775 
(7.08) (19.98) (2.82) (0.00) | (14.49) (2.05) 
im. pH |6.9 |7.1 |7.3 | 7.5 
Bo | 3.45 | 3.05 | 2.75 | 2.95 
Ba | 2.60 | 2.65 | 2.55 2.50 

















*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 


directly above them. 
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TABLE X a. 
Summary of Results on Horse Hemoglobin No. H 61. 
Total [Hb] = 6.50 mm per liter. 


Acid Properties of Hemoglobin 





May 4, 1923. 





Oxygenated solutions. 


Reduced solutions. 
































| A[BHb} 





pH —— 
[BHbO:] [BHby] | AlO:Hb) 
[Hb0»] [BHb] “Hb: [Hb 
i mM m.-Eq. m.-Eq. m.-Eq. m.-Eq 
6.8 5.12 2.3 0.233 
(6.87)* (2.71) (0.39) (0.04) 
7.0 5.33 7.2 0.464 
(6.87) (7.91) (1.15) (0.69) 
2 5.45 11.50 0.653 
(6.87) (12.43) (1.81) (1.15) 
7.4 5.50 15.0 0.686 
(6.87) | (15.94) | (2.32) (1.63) 
7.6 5.54 18.1 0.634 
, (6.87) | (18.94) | (2.75) (2.12) 
7.8 5.54 20.0 0.526 
(6.87) (21.61) (3.15) (2.62) 
8.0 5.45 23.4 0.301 
(6.87) (23.95) (3.54) | (3.10) 
pH | 6.9 | 7.1 7 9 
Bo 3.8 3.3 2 .95 
Ba | 3.25 | 2.3 2.4 























* The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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TABLE X, 
Experiment on Horse Hemoglobin No. H 51. May 4, 1983. 
Total HO = 909.1 gm. per liter. 
°* BB = 6.08008 * * 
“« HbO, 5.4 * floes 
“ KOH 50.0 “ - = 
aco, = 0.555 X 0.9091 = 0.504 
H:CO; = peo. X 0.02964 








oe wont oo oo 


— 



































pK’ = 6.17 
Po, | Total | rbot | Peo: |[H:C0s}| Tete! |pacoy! pH | (BHD 
2 | {On}. [C02]. 

mm. mM mM mm. | mM mM mM m.-Eq. 

(135) 5.28 5.12 | 355.8 | 10.54 | 58.20 | 47.66 | 6.825 2.84 

57.85 | 47.31 | 6.822 2.69 

(0) 0.38 0.38 | 391.1 | 11.60 | 60.57 | 48.97 | 6.795 1.03 

392.3 | 11.63 48.94 | 6.793 1.06 + 

(135) 5.59 5.43 | 157.1 4.658} 44.97 | 40.31 | 7.107 9.69 

} 45.08 | 40.42 | 7.108 9.58 

(0) 1.07 1.07 | 178.9 5.301) 48.85 | 43.55 | 7.078 6.45 

(135) 4.63 4.47 66.7 1.977) 36.93 | 34.95 | 7.417 | 15.05 

(0) 0.37 0.37 77.6 2.30 | 40.85 | 38.55 | 7.394 | 11.45 

(135) 5.72 5.56 27.4 0 812) 30.65 | 29.84 | 7.735 | 20.16 

(0) 0.30 0.30 34.2 1.014) 34.60 | 33.59 | 7.690 | 16.44 

(135) 5.58 5.42 11.6 0 344! 26.28 | 25.94 8.049 | 24.06 

(0 1.17 1.17 12.9 0.382} 28.35 | 27.97 8.034 | 22.03 
28.18 | 27.80 8.032 | 22.20 
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TABLE XI a. 
Summary of Results on Horse Hemoglobin No. H 70. Feb. 5, 1924. 
Total [Hb] = 8.00 mm per liter. 






































Orygenated solutions. Reduced solutions. 
om | [BHb,] oti 
[BHbO:] R Al[O:Hb 
[HbO:] [BHb] “THbOs) [HbO:] [BHb] “[Hby] 

44 mM m.-Eq. m.-Eq. ™M m.-Eq. m.-Eq. m.-Eq. 
6.80 6.23 3.80 0.08 1.0 0.45 
(8.00)* (4.60) (0.57) (0.00 (0.96) (0.12) 

7.00 6.28 8.20 0.09 4.5 0.598 
(8.00) (9.26) (1.16) (0.00) (4.45) (0.56) 

7.20 6.60 12.90 0.15 8.8 0.636 
(8.00) (13.79) (1.72) (0.00) (8.7) (1.09) 

7.40 6.68 17.7 0.22 13.5 0.650 
(8.00) (18.66) (2.33) (0.00) | (13.36 (1.67) 

7.60 | 6.66 21.9 0.38 | 18.1 0.605 
(8.00) (22.71) (2.84) (0.00) | (17.87) (2.23) 

7.80 6.49 25.6 0.72 22.3 0.572 
(8.00) (26.46) (3.31) (0.00) | (21.89) (2.74) 

8.00 6.51 28.7 1.13 26.0 0.50 
(8.00) (29.44) (3.68) (0.00) | (25.43) (3.18) 
pH |6.9 | 7.1 te ite iv. 178 
Bo | 2.95 | 2.80 | 3.05 | 2.65 |,2.35 | 1.85 
Ba | 2.20 | 2.65 | 2.90 | 2.80 | 2.55 | 2.20 

















*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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TABLE XI1.* 
Experiment on Horse Hemoglobin No. H 70. Feb. &, 1924. 
Total H:O = 892.3 gm. per liter. 
“ Hb 8.00 mM “ “ 
“ HbO, = 6.73 “ “ “ 
“ KOH = 50.0 “ “ “ 
co, = 0.555 X 0.8923 = 0.4951 
H.CO; =Pco. X 0.02908 
pK’ = 6.17 


































No.| Pos | Total | bo Poo. 11.0001 [Oo |(BHCOs) pH | [BHI 
mm. mM mM mm. | mM mM mM m.-Eq. 

1 | (4.30)| 6.86 | 6.23 | 276.6 | 8.048 | 52.05 | 44.00 | 6.908 | 6.00 
2 (0) 0.08 | 0.08 | 296.2 | 8.62 | 56.02 | 47.40 | 6.910 | 2.60 
55.80 | 47.18 | 6.908 | 2.82 

3 | (160) | 6.56 | 6.32 | 159.4 | 4.64 | 44.07 | 39.43 | 7.100 | 10.57 
4 (0) 0.10 | 0.10 | 173.0 | 5.034 | 48.52 | 43.49 | 7.107 | 6.51 
5 | (135) | 6.30 | 6.14 | 107.6 | 3.128 | 39.44 | 36.31 | 7.235 | 13.69 
6 (0) 0.21 | 0.21 | 96.9 | 2.82 | 41.20 | 38.38 | 7.305 | 11.62 
7 | (185) | 6.68 | 6.52 | 52.7 | 1.533 | 32.30 | 30.77 | 7.473 | 19.23 
8 (0) 0.23 | 0.23 | 57.8 | 1.681 | 36.36 | 34.68 | 7.485 | 15.32 
9 | (1385) | 6.64 | 6.48 | 24.5 | 0.713 | 26.35 | 25.64 | 7.726 | 24.36 
10 (0) 0.52} 0.52 | 29.7 | 0.864 | 30.33 | 29.47 | 7.703 | 20.53 
11 |(137.5)} 6.67 | 6.51 | 10.0 | 0.291 | 21.10 | 20.81 | 8.025 | 29.19 
12 | (2.8) | 1.33] 1.33 7.1 | 0.207 | 21.31 | 21.10 | 8.178 | 28.90 
































* Our thanks are due to Dr. Cecil Murray, whose assistance enabled us to 
add this experiment to the series. 
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Acid Properties ‘of Hemoglobin 






































TABLE XIl, 
Experiment on Horse Hemoglobin No. H 55. May 16, 1923. 
Total H.O = 896.5 gm. per liter. 
* Ts JRa* * 
“ HbO, = 6.09 “ “ “ 
* “ KOH = 30.00 “ “ “ 
‘ “ KCI = 115.00 “ “ “ 
Qo. = 0.555 XK 0.8965 = 0.4974 
HCO; = Pco. x 0 02922 
pK’ = 6.11 

+ No. | Por | Toit! | fHbOxl | Poor | {H2COs!| (COs. | BHConl| pH | (BHb| 
ae mm. mM mM | mm. pay | mM mu | i m.-Eq. 
. 1 | (135) | 5.39) 5.15 | 200.8 | 5.867 | 33.55 | 27.68 | 6.783 | 2.32 

2 (0) 0.07 | 0.07 233.1 | 6.809 | 37.60 | 30.79 | 6.765 |—0.79 

3 | (135) 5.55 | 5.39 | 107.7 | 3.147 26.28 | 23.13 | 6.977 | 6.87 

4 (0) 0.02 | 0.02 | 131.9 | 3.856 | 30 82 | 26.96 | 6.954 | 3.04 

5 | (135) 5.78 | 5.62 | 55.1 | 1.610 | 19.91 | 18.30 | 7.166 | 11.70 

6 (0) 0.03 | 0.03 |} 71.9 | 2.103 | 24.93 | 22.83 | 7.146 | 7.17 

7 | (1385) | 5.79 | 5.63 | 27.3 | 0.7980} 14.82 14.02 | 7.355 | 15.98 

8 | (0) 0.06 | 0.06 | 38.3 | 1.120 19.90 | 18.78 | 7.334 | 11.22 

9 | (135) 5.79 | 5.63 | 12.7 | 0.3712) 10.67 | 10.30 | 7.553 | 19.70 
; 10 | () 0.03 | 0.03} 20.0 0.5747 15.40 | 14.83 | 7.522 | 15.17 
¥ 11*| 41.1 | 1.307 | 30.90 | 29.59 

* Solution of 30 mm KOH + 115 mm KCI. 
¥ 
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TABLE XI a. @ 
Summary of Results on Horse Hemoglobin No. H 55. May 16, 19% JUN 12 1926 
Total [Hb] = 7.39 ma per liter. %, 
Vs ¢ 
Oxygenated solutions. Reduced solutions. \ ? P at 
oH A{[BHb] “~~! 
|BHbO:] [BHbg] | A[O:Hb) 
[HbO:] [BHb] “THbO.) [HbO:] [BHb] “[Hba] 
mM m.-Eq. m.-Eq. mM m.-Eq. m.-Eq. m.-Eq. 
6.8 | 5.17 2.6 0.07 —0.08 0.526 
(7.39)* (3.76) (0.51) (0.00) |(—0.12) |(—0.02) 
7.0| 5.45 7.60 0.02 4.00 0.663 
(7.39) (8.89) (1.20) (0.00) (3.99) (0.54) 
7.2| 5.58 12.45 0.05 8.30 0.750 
(7.39) (13.81) (1.87) (0.00) (8.26) (1.118) 
7.4} 5.63 16.7 0.05 12.60 0.735 
(7.39) (17.99) (2.43) (0.00) | (12.56) (1.70) 
7.6 | 5.63 20.55 0.03 16.80 0.670 
(7.39) (21.73) (2.94) (0.00) | (16.78) | (2.27) 
































pa 69 (7.1 7.8 (7.8 
Bo | 3.45 | 3.35 | 2.80 | 2.55 
px 12.8 12.9 | 2.9 | 2.85 














*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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3 - 120 Acid Properties of Hemoglobin s 
pH 
6.8 
TABLE XIill. 
Experiment on Horse Hemoglobin No. H 56. June 1, 1928. 7.{ 
Total HO = 924.0 gm. per liter. 
“ Hb = 5.11 mu “ “ 
“ HbO, = 4.55 “ “ “ 73 
“ KOH = 30.0 “ “ “ 
“ KCl = 115.0 “ “ “c 
aco = 0.555 X 0.924 = 0.513 7.4 
H,CO; = Pco. X 0.03013 
pK’ = 6.17 ' 
No | p Total | rHbOs] | | (Hl Co:!| Total | pHCO. | pH BHb : 
‘i ‘02 [Oz]. | [HbOz Poon i 2CQ3 | [COz]. 3] Pp [ ] 
, aay mm. mM mM | om. | mM mM mM m.-Eq. 
, 1 | (135) | 4.11 | 3.95 | 201.4 | 6.068 | 34.69 | 28.62 | 6.784] 1.38 
2 (0) 0.09 | 0.09 | 233.5 | 7.036 | 37.81 | 30.77 | 6.751 |—0.77* 
3. | (135) | 4.30] 4.14] 98.5 | 2.967 | 27.42 | 24.45 | 7.026 | 5.55 
4} ©) | 0.10} 0.10 | 131.4 | 3.960 | 31.83 | 27.87 | 6.958 | 2.13 . 
5 | (135) | 4.33] 4.17) 56.6 | 1.705 | 23.09 | 21.38 | 7.280 | 8.62 oxyi 
6 | (©) | 0.14 | 0.14 | 71.6 | 2.157 | 26.80 | 24.64 | 7.168 | 5.36 dire 
7 | (135) | 4.44] 4.28 | 28.7 | 0.8648) 18.90 | 18.04 | 7.429 | 11.96 
8 | (0) | 0.23} 0.23) 34.2 | 1.031 | 21.84 | 20.81 | 7.415} 9.19 
9 | (135) | 4.61| 4.45} 11.3 | 0.340 | 14.48 | 14.14 | 7.729 | 15.86 
s 10 | (0) | 0.25] 0.25| 18.8 | 0.5665) 18.53 | 17.96 | 7.611 | 12.04 
lit | | 41.2/ 1.31 | 30.83 | 29.52 
* HbHCO; 


t Solution of 30 mu KOH + 115 mm KCI. 


re io Bhp: eae Susedes oaks 
















TABLE XIll a. 
Summary of Results on Horse Hemoglobin No. H 56. June 1, 1923. 


Total [Hb] = 5.11 mm per liter. 












































Oxygenated solutions. Reduced solutions. 
oH Cl 
| [BHbO:] 4[O:Hb 
[HbO:] [BHb] [HbOs] [HbO:] | [BHb] 
ey mM m.-Eq. m.-Eq. ™M m.-Eq. m.-Eq. 
6.8} 4.00 1.68 0.09 —0.08 0.450 
(5.11)* (2.18) (0.42) (0.00) |(—0.12) 
7.0 4.08 5.15 0.11 2.88 0.572 
(5.11) (5.74) (1.12 (0.00) (2.82) 
7.2| 4.18 8.55 0.15 5.88 0.663 
(5.11) (9.17) (1.80) (0.00) (5.78) 
7.4| 4.28 11.58 ‘0.21 8.88 0.664 
(5.11) (12.06) (2.36) (0.00) (8.74) 
7.6 | 4.37 14.28 0.25 11.90 0.578 
(4.37) (14.65) (2.87) (0.00) | (11.76) 
pH | 6.9 7.3 | 7.5 
Bo | 3.5 2.8 | 2.6 
Br 2.9 2.9 


*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 




















directly above them. 
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TABLE XIV. 
Experiment on Dog Hemoglobin No. D 22. 


May 15, 1923. 














=! Total H.0 = 932.0 gm. per liter. 
“ Hb = 5.19mu “ “« 
“ HbO, = 4.32 “ “ “ 
: “ NaOH = 320.0 “ “ “ 
4 aco, = 0.555 X 0.932 = 0.5173 
H.CO; = Pcoz X 0.0304 
pK’ = 6.17 
No. | Pos | on | (tbOa | — | {C03 | [Cor \BHCos} pH | [BHb} 
mm. | mM | mm | mm. mM | mM | mM | m.-Eq. 
1 | (135); 4.11} 3.95 | 212.1 | 6.448 | 34.45 | 28.00 | 6.808 | 2.00 
2' () | 0.14 | 0.14 | 232.2 | 7.060 | 36.90 | 29.84 | 6.796 |—0.16 
3 (135) | 4.19 | 4.03 | 118.1 | 3.590 | 29.22 | 25.63 | 7.024 | 4.37 
4] () 0.12} 0.12 | 132.9 | 4.040 | 31.49 | 27.45 | 7.002! 2.55 
5 | (135) | 4.25} 4.09 | 63.6 | 1.933 | 24.70 | 22.77 | 7.241 | 7.23 
6 (0) 0.13 | 0.13] 75.7 | 2.301 | 27.65 | 25.35 | 7.212| 4.65 
7 | (135) | 4.33] 4.17 | 33.8 | 1.027 | 21.40 | 20.37 | 7.468 | 9.63 
8 (0) 0.12} 0.12} 41.6 | 1.265 | 24.37 | 23.10 | 7.432 | 6.90 
9* | 41.2 | 1.310 | 31.05 | 29.74 


























* Solution of 30 mu NaOH. 
TABLE XIV a. 


Summary of Results on Dog Hemoglobin No. D 22. May 15, 1923. 






































Pe Total [Hb] = 5.19 mm per liter. 
| Oxygenated solutions. Reduced solutions. 
pH | ; | A[BHb} 
| | [BHbO:| | [BHbp] | AlOsHb] 
[HbO:] | [BHb] [HbOs) | [HbO2] [BHb] | [Ha] 
mM mB. | m.-Eq. mM | m.-Eq. m.-Eq. m.-Eq. 
. 6.8 | 3.95 1.90 | 0.14 0.22 0.441 
(5.19)* | (2.45) | (.47) | (.00) | (.16) | (0.03) 
, | 
¥, 7.0| 4.03 4.27 | 0.12 2.43 0.471 
(5.19) (4.82) | (0.93)! (.00)| (2.37) | (0.46) 
7.2| 4.09 6.65 | 0.13 4.50 0.543 
(5.19) (7.25) | (1.40) | (0.00) | (4.43) | (0.85) 
: 7.4) 4.17 9.0 | 0.12 | 6.60 0.593 
(5.19) | (9.60)! (1.85) | (0.00) | (6.43)| (1.26) 
; pH |6.9 |7.1 | 7.3 
Ms Bo | 2.3 | 2.35 | 2.25 
Be | 2.15 | 1.95 | 2.05 








*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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TABLE XV. 
Experiment on Dog Hemoglobin No. D 23. May 24, 1923. 
Total H,O = 942.3 gm. per liter. 
“ 


Hb = 43 mum “ “ 
“ HbO, = 3.82 “ “ “ 
“ NaOH = 30.0 “ “ “ 


@o. = 0.555 X 0.942 = 0.5228 
H:.CO; = Pco2 xX 0.03073 









































pK’ = 6.17 

No.| Po: Tor [HbO2] | Poo: | [H:COs] (oo. |'(BHCOs|| pH | [BHD] 

mm. mM mM mm. mM mM mM m.-Eq. 
1 (135) 3.65 3.49 | 212.6 | 6.528 | 34.70 | 28.17 | 6.805 1.83 
2 (0) 0.16 0.16 | 234.8 | 7.214 | 37.69 | 30.48 | 6.796 |—0.48 
3 (135) 3.84 3.68 | 117.8 | 3.620 | 30.58 | 26.96 | 7.042 3.04 
4 (0) 0.08 0.08 | 131.6 | 4.042 | 33.19 | 29.15 | 7.028 0.85 
5 (135) 3.85 3.69 64.1 | 1.970 | 26.58 | 24.61 7 7.267 5.39 
6 (0) 0.13 0.13 75.2 | 2.310 | 29.06 | 26.75 | 7.234 3.25 
7 (135) 3.86 3.70 34.2 | 1.051 | 23.50 | 62.45 | 77499 7.55 
8 (0) 0.13 0.13 44.6 | 1.371 | 26.70 | 25.33 | 7.436 4.67 
9 40.5 | 1.264 | 31.34 | 30.08 

TABLE XV g. 


Summary of Results on Dog Hemoglobin No. D 23. May 24, 1928. 
Total [Hb] = 4.3 mm per liter. 





























Oxygenated solutions. Reduced solutions. 
pH [BHD A{BHb] 
[BHbO:] rz] | 4[O:Hb] 
[HbO:] [BHb] [HbOs] [HbO:] — Aba] 
paris mM m.-Eq. m.-Eq. mM m.-Eq. m.-Eq. m.-Eq. 
6.8 3.49 0.7 0.16 —0.4 0.33 
(4.30)* (0.97) (0.23) (0.00) |(—0.45) |(—0.1) 
7.0 3.68 2.65 0.14 1.15 0.424 
(4.30) (2.91) (0.68) (0.00) (1.09) (0.25) 
7.2 3.69 4.60 0.13 2.77 ‘0.514 
(4.30) (4.91) (1.14) (0.00) (2.70) (0.63) 
7.4 3.70 6.60 0.13 4.4 0.616 
(4.30) | (7.07) | (1.64) | (0.00) | (4.32) | (1.01) 

















pH |6.9 |7.1 | 7.3 
Bo | 2.25}2.3 | 2.5 
Be | 1.75) 1.9 | 1.9 














*The numbers enclosed in parentheses indicate values for complete 
oxygenation or reduction extrapolated from the experimental values 
directly above them. 
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In Tables I a, II a, etc., we have calculated from interpolations 
on the [BHb], pH curves at 0.2 pH intervals the equivalents of 
base bound per molecule of reduced and oxygenated hemoglobin, 
and thence the molecular buffer values 8o and §g, and the in- 
crease of base bound per mol of hemoglobin in passing from the 
reduced to the oxygenated state at constant pH, symbolized 

m A[BHb]. 





[BHb] 


The values obtained for Hb) (the base bound per mol of 





total hemoglobin), for the buffer values 89 and fg, and for the 
A{BHb] 
A[O.Hb} 
combined, are summarized from all the experiments in Tables 
XVI, XVII, and XVIII, respectively. The “calculated” values 
given in Tables XVI and XVIII for comparison with the average 
observed values of [BHb] and 4!BHb) 

A[O2Hb} 
tions 20 and 8, which are developed below. 

The average values obtained for the base bound by reduced 
horse. hemoglobin, as indicated in Table XVI, are plotted in 
Fig. 16. 

The data presented lead directly to the following conclusions. 

(1) The isoelectric point of reduced horse hemoglobin, de- 
fined as the pH at which hemoglobin binds equivalent amounts 
of acid and base, lies at pH 6.81 + 0.02. 

(2) The molecular buffer value Bg of reduced hemoglobin, 


Sco ee (¥en tiv (8)), i 1 
measured as [Hb], dpH (Van Slyke (8)), is nearly constant be- 


increase 





in equivalents of base bound per mol of oxygen 





are estimated from Equa- 





tween the isoelectric point and pH 7.6. As seen from Table 
XVII the 8x values tend to be a little higher near the isoelectric 
point, and a little lower above pH 7.3. Fig. 16 indicates, how- 
ever, that the [BHbr], pH curve may be represented between 
pH 6.8 and 7.6 for a given solution as a straight line of constant 
slope (buffer value) which deviates but slightly from the observed 
points. 

(3) Br, though nearly constant for a given solution, is definitely 
increased by increasing the cation concentration (Table XVII 
and Fig. 16). 
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Fic. 16. Average values for base bound by reduced horse hemoglobin in 
solutions with different concentrations of monovalent cation. 
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(4) From Table XVII it is seen that Bo the buffer value of 
oxyhemoglobin, is highest at pH 6.9, and decreases steadily with 
increasing pH. 

A[BHb] 
A[O.Hb] 


(5) The increase — in base-binding power caused by 


TABLE XVII. 
Summary. Buffer Values of Reduced and Oxygenated Hemoglobin. 





| pH = 6.9 H =7.1 'pH =7.3 pH =7.5 pH =7.7| pH = 
Hemoglobin and | Experiment | P P . iP 0 DP p p 7.9 




























































































electrolyte. | No. | Bo | ts has Bs | By | | Bp B, | Bn | Bo | Bx (Po |Bx Bo Bo [Bn 
es eer Bash lee iat to! oer 
‘Horse Hb. 1 | | | al 1/2.6 | 
30 mm [NaHb] 2 3.1) 2.8) 3.1) 2. 9/3.2/2.9) | 
+ [NaHCOs] 3 3 7 2.7| 3.1] 2.6 63. 012. 62. 82. 3} 
4 3.31 2.9) 3.3) 2.8)2.92.82.92.4 
5 | 3.5] 3.1) 3.1) 2.62.7/2.6 2.7/2.5] 
6 3.7| 2.9| 2.9] 2 52 82. 7 
Horse Hb. 7 3.1] 2.6] 2.8 2.6)2.5/2 4 
30 mm [KHb] 8 3.7| 2.6] 2.8] 2.5)2.8)2.7 
+ [KHCO,] 9 3.5) 2.6] 3.1 si sw sm 
Average.| 3.3) 2.8] 3.0} 2.6/2.7/2 6)2.8)2.4 
Horse. Hb. 10 3.8] 3.3) 3.3 2.3}2.72.412.212.5}2.012.5)2.0 2.4 
50mm [iKHb] 11 3.0] 2.2) 2.8] 2.7/3.1/2.9]2.7)2.8/2.4/2.6|1.9 |2.2 
+ [KHCO,] —|—|— bes ais yor” sites 
Average .| 3.4] 2.8) 3.0] 2.5|2.9/2.7/2.5/2.7/2.2!2.6/1.95/2.3 
eee Sate baie Foe i ae aa aa ie 
Horse Hb. 3.5} 2.8] 3.4| 2.912.812. 912.612.9 
30mm [KHb] | 3.5| 2.9] 3.4] 2.9]2.8/2.9|2.6/2.9 
+ [KHCO,] + +4 | 
115 mm [KCl] |—— —|—- pee aoe. 
; Average .| 3.5) 2.9} 3.4! 9/2. 8/2.9/2.6|2.9 
Dog Hb. 14 2.3] 2.2) 2.4 +e 
30 mu [NaHb] 15 3:3 1.8 3.8 4: ao. 5)1. 
+ [NaHCO,] |_| —|—|—_ — —|—|— 
Average | 2.3 2.0) 2 Al 2. 0\2. 4)2.0) | 























oxygenation of hemoglobin has a maximum value of about 0.7 
equivalent of base per mol of hemoglobin, and this maximum 


t a definite pH. The val >= li h th 
occurs at a definite p e value o A{O.Hb] ‘ iminishes as the 


pH is removed in either direction from this point. 
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TABLE XVIII. 


































































































g A[BHb] Val 
A mmary 0 atues. 
um vary Of 10,Hb] r 
~ | ' A[BHb] 
Hemoglobin and | Experiment | Valuse of MOnHb) ** pa: 
electrolyte. No. 
| 6s | 70 | 72 | 74 | 76 | 78 | 80 
| ot ——— | 
Horse Hb. | 1 | 0.60 0.69) 
30 mm [NaHb] + | 2 0.51 | 0.56 | 0.61 | O 67) 
{[NaHCO;] 3 0.39 | 0.49 | 0.58 | O 66) 0.77 
4 0.44 | 0.52 | 0.61 | 0.63) 0.66) 
5 0.33 | 0.56 | 0.62 | 0.65 
6 0.43 | 0.60 | 0.69 | 0.69) 0.73 
| aes a! oe & 
Horse Hb. 7 | 0.50 | 0.58 | 0.61 | 0.63 
30 mm [KHb] + 8 | 0.48 | 0.53 | 0.57 | 0.63 
[KHCO;} 9 | 0.39 | 0.56 | 0.65 | 0.68] 0.78 
Average....| 0.43 | 0.55 | 0.61 | 0.66] 0.74 
eeabenes." 0.43 | 0.53 | 0.61 | 0.66) 0.68 
Horse Hb. 10 ~—| 0.23 | 0.46 | 0.65 | 0.69] 0.63] 0.53] 0.39 
50 mm [KHb] + 11 | 0.45 | 0.60 | 0.64 | 0.65] 0.61) 0.57] 0.50 
([KHCO,] 
Average.....| 0.34 | 0.53 | 0.65 | 0.67) 0.62) 0.55) 0.45 
Calculated.*} 0.48 | 0.56 | 0.62 | 0 0.62) 0.56) 0.48 
Horse Hb. 12 | 0.53 | 0.66 | 0.75 | 0.74| 0.67 
30 mm [KHb] + 13 0.45 | 0.57 | 0.66 | 0.66) 0.58 
[KHCO,]+ 
115 mm [KCl] A commen: teisemeil 
Average.....| 0.49 | 0.61 | 0.70 | 0.70) 0.62 
Calculated.*| 0.57 | 0.64 | 0.68 } 0.68] 0.64 
Dog Hb. 14 0.44 | 0.47 | 0.54 | 0.59) 
30 mm [NaHb]+ 15 0.33 | 0.42 | 0.51 | 0.62 
[NaHCO;] 
Average.....| 0.38 | 0.45 | 0.53 | 0.60 
Calculated.*| 0.37 | 0.44 | 0.54 | 0.60 
* The calculations are made by Equation 13, with the pKo and pK, 


values of Table XX. 
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A[BHb] . ; ; 

(6) The pH of maximum A{O.Hb] is lower in solutions of 
greater salt concentration, being approximately 7.6 in solutions 
of 30 mm cation concentration, 7.3 in those of 145 mm cation 
concentration. 

The significance of these relationships will be discussed below. 


Calculation of the Labile Acid Dissociation Constants of Reduced 
and Oxygenated Hemoglobin. 


L. J. Henderson (6) has suggested that the change in the CO, 
capacity of blood with change in the degree of oxygenation is 
due to the fact that 1 acid hydrogen in the hemoglobin molecule 
(the amount of hemoglobin combining with 1 molecule of Oz) 
has its dissociation constant increased by oxygenation and lowered 
by reduction of the hemoglobin. In order to ascertain whether 
such an assumption is compatible with our results we have com- 


pared the values of observed over the pH range of our 


A[O.Hb] 
experiments with the values estimated on the basis of this as- 
sumption. 

In general the base bound as the salt Ba by an acid group of 
concentration C and dissociation constant K is indicated by 
Henderson’s mass law equation as 


[Ba] K’ 
‘i Cc "K+ oF 
where K’ = ~, and y is the degree of dissociation of the salt Ba 


into B+ anda’ ions. If we assign to the separate acid groups in 
oxyhemoglobin the dissociation constants Ko,, Ko,, Ko,, etc., 
the total base bound by oxyhemoglobin will be indicated as 


, 


[BHbO,] Ko, K'o, K'o 


3 = : 
© “Teh "ik, +k, + tk, +h 





Similarly, for reduced hemoglobin 


[BHbs] _—iK’s, K's, K's, 
(4) el ee ee 
fab] ~ Ks, + (Ht) Ks, +H)’ Ks, + 4 
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A[BHb) | 
A[O.Hb}] 
that accompanies isohydrionic change from reduced to oxygenated 
hemoglobin, at any given [H*], in Equation 5 by subtracting 4 
from 3. 





We obtain the increase in alkali-binding power 


AIBHb] _ [BHbO.] _ [BHbs] 


(5) | AlO.Hb] [Hb] [Hb] 











Ko Ka, Ko, Ka, 
(een pa) + ee i) * 


It is obvious that if Ko, and Kr, are equal, the difference 





between the terms in the first parenthesis, Ko, + 
Kr, 


Ke, + (H+) becomes zero. Similarly, the terms containing 


Ko, and Kr, cancel out, if Ko, and Kr, are equal; and so on. 
The only terms of Equation 5 that are not cancelled out are 
those in which Ko, does. not equal Kr,; ¢.e., those terms repre- 
senting acid groups whose dissociation constants are changed by 
oxygenation and reduction. 

Let us assume, as did Henderson, that oxygenation changes 
the dissociation constant of only one acid group, to which we 
assign the constants Ko and Ke for the oxygenated and reduced 
forms, respectively. Then by the cancellations above discussed 
Equation 5 simplifies to 














6) AIBHb] == Kn) ——séK'n 
AlO:Hb] K’, +[H+] K’, +[H*] 
1 1 
(7) 7 a 
+ K’o K’s 
1 1 
(8) 





= 1+ 10?K'o-PH 1 + 19PK’,— pH 


Equations 7 and 8 are obvious rearrangements of Equation 6. 

A[BHb] 
A[O.Hb] 
and pH may be made algebraically by substituting two sets of 





The estimation of K’> and K’, from observed values of 
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| A[BHb] 7 oa 
experimental values for A[O.Hb] and {[H*] in Equation 6 and 
solving for Ko and Kr, as was done by Henderson (6), or the 
problem may be solved graphically by using (1) two curves ex- 
pressing the two terms in the right-hand member of Equation 8, 
together with (2) the fact that if the hypothesis expressed in 
Equation 8 is correct, the maximum value of — occurs 


A[O.Hb} 
pK’o + pK’r 
2 


at the point where pH = -, midway between pK’o 


and pK’r. 


The fact that in general a maximum value of [Ha], — [Halo, hence of 


[Ba],:— [Ba],, occurs when pH = ee appears obvious from inspec- 


tion of a pair of curves like those of Fig. 17, and may be demonstrated as 
follows. We may write Henderson’s equation as 





[H*}C, 
(9) [Hah = K’, + [Ht] 

{H*)C, 
(10) (Hah = 5 + [Ht 


where C is the total buffer concentration. C, = C2, when equivalent con- 
centrations of the two buffers are present. Letting [Ha], — [Ha], = 4, 
we have by subtraction 

__ [Htc (H+IC 

~ K1+(Ht) K2+([H*) 





(11) 


: _ . _da da 
Differentiating to obtain d(H] and solving the value of d(H*] for zero 


to ascertain the maximum A, we find it occurs when 
(12) K, K; = [H*P 
In logarithmic terms this expression becomes 


_ it pe 


13 H 
(13) p 2 


The graphic estimation of pK’, and pK’o is performed as 
follows. Two curves are constructed representing the general 


[Ba] 


relationship of e to pK’ — pH as calculated from the equation 
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[Ba] 1 
ae C 1+ 10?K’-pH 





which is merely the logarithmic form of Equation 2. The curves 
are so constructed that they can be moved horizontally to both 
sides of any desired mid-point. With the pH of observed maxi- 
A[BHb] 
a[0;Hb] 
right and left of it by equal distances until the vertical distance 
between the curves measured at the mid-point equals the ob- 
A[BHb] 
A{O.Hb] 
the two curves with the horizontal line representing in each 
case = = 0.5 then indicate the pK’o and pK’, values. (For 
an acid buffer, pH = pK’ when [Ha] = [Ba] = 0.5. See Van 
Slyke (8), p. 542.) Similarly, the two curves may be so placed, 
still laterally equidistant from the same mid-point, that the 
vertical distances between them at other pH values correspond to 
A[BHb] 
the x[0.HD] 
perimental data and the assumption that only one acid buffer 
has its dissociation constant changed by oxygenation are cor- 
rect, the curves remain in the same place and indicate the same 
pKo and pKex values, regardless of what points are used to locate 
them. 


as the mid-point, the two curves are moved to the 


served value. The pH values of the intersections of 


values observed at those points. If both the ex- 





The values which we have used for the mid-point pes tpe 
have been 7.60 for the hemoglobin solutions of 30 mm cation con- 
centration, 7.40 for those of 50 mm, and 7.30 for those of 145 ma. 
For the solutions of 50 and 145 mm total cation concentration 
the points 7.40 and 7.30 correspond to maxima observed in 
A[BHb] 

A[O.Hb]° 
definite maximum was not determinable below pH 7.6, which 
marked the upper limit of pH reached in the experiments. We 
have assumed that the maximum did occur at pH 7.60, however, 
A[BHb] 
A([Q.Hb} 





For the solutions of 30 mm cation concentration a 


because the curve of the values at varying pH within 











the 
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the experimental range gave consistent values for pK’o and 
pK’, when this assumption was made. (Proof of the maximum 
and its location will be given by electrometric titrations in a 
later paper.) 

" - 
Using the above values for PK’r 1 pee 


we have estimated, by the graphic method outlined, the values 
A[BHb] 
A[O.Hb] 
figures obtained at pH 6.8, 7.0, 7.2, 7.4, and 7.6 with each hemo- 
globin solution. With the solutions of 50 mm [BHb] + [BHCOs], 
content values up to pH 8.0 were obtained. The results are 
given in Table XIX. 
rae 4{BHb] 

In the individual A{O.Hb} , PH curves the data taken from the 
different pH points agree among themselves, in the pK’n — pK’o 
figures yielded, as closely as could be expected from the experi- 
mental accuracy of the data. The closest agreement occurs 
among the data from pH 7.0, 7.2, and 7.4, where the experimental 
conditions were best. Because of the low CO, tensions at 
pH > 7.6, and the very high ones at pH 6.8, accuracy was more 
difficult than in the intermediate points. The lack of systematic 
variation in the pK’p — pK’o values with varying pH is an 
indication that the variations are due to experimental error 
rather than to the manner of calculation. 

The decline in pK’ values with increase in cation concentra- 
tion is to be expected. pK’, = —log K, + logy, where K, is 
the true dissociation constant of an acid and y the activity or 
degree of dissociation of the salt. Since + decreases with in- 
creasing cation concentration pK’, must also decrease. War- 
burg (12) discusses the point, and shows that in general the 


, viz. 7.6, 7.4, and 7.3, 








of pK’, and pK’o corresponding to the experimental 


empirical equation holds pK’, = pK, — c4/B the- value of c 
being 0.46 for sodium bicarbonate solutions. The decrease 
of pK’, and pK’o with increasing cation concentration is, 
therefore, consistent with the general behavior of solutions of 
salts of weak acids. 
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: _ . TABLE XIX. 
Values of PK, and pK, by Graphic Calculation from Experimental 
A(BHb) Vu , 
—— Measurements. 
A[O.Hb] 
Values of pK’, — pK’, estimated from 4 
Av values. 
7 Fe ar at pH: verage values. 
Experi- 
ay | | | .° | Remarks. 
No. 4 | 
6.8 7.0 | 7.2 | 74 | 7.6) 7.8 | 80} | 
| we | @ | (0 
| | Mw |i | i 
— ee ee es 2 88 
1 alt 56)1.41| 1. 48/8. 34/6. 86 
2 1.72 |1.56)1.44/1.45 1. 56/8 38|6 82! Horse Hb. 
3 1.34 |1 38/1. 38|1 -46)1 80 1 48)8 34/6 86| Cation concen- 
4 1.48 1.46)1.48/1 38/1. 40) 1. 44/8 32/6 .88 tration = 30 
5 | 1.36 1 .58)1.50|1 .42| | /1.42/8.31/6.89) m.-Eq._ 
6 | 1.50 1.52/1. 46/1 .48]1.60 |1.51)8.36}6.84|pK; + pK, 
7 1.70 1.64/1.48)1 36) jl 54/8 37/6 83| re 
8 1.64 1. 48/1. 36/1 36, 146)8. 33/6. 87 
9 | 1.34 |1.60/1.60/1.52)1.84) |1.58|8.39|6.81 
| ~~ 
Average of Experiments 1 to 9.. oa 50)8 3516. 85 
—|—}— 
10 |(0.64)*{1.06|1.45|1.38|1.40/1 32/1 10|1. 29/8 .05/6.75| Horse Hb. 
11 | 1.24 |1.42/1.40/1.36|1.32|1.36|1.40|1.35/8.07(6.72, K = 50 m.-Eq. 
| pK) + pK, 
| ——=——=S SER 
o | | 5 7.40 
Average of Experiments 10 and 11....... 1 32/8 06/6 .74 
12 | 1.36 |1.52{1.74!1.701 60] | |1-58)8.09)6.51) Horse Hb. 
13 1.16 |1.28)1.40)1. 40/1 30) 1 31|7.96\6 64| K = 145 m.-Eq. 
| pK’ +p % 
| | | — * = 7.3 
| oe toe we 2 
Average of Experiments 12 and 13......... 1.45)8.02\6.57 
14 | 1.60 |1.28/1.28|1.24 .26/8.23/6.97| Dog Hb. 
15 | 1.16 |1.61|1.26|1.32 1. 22/8.21/6.99| Na = 30m.-Eq 
pK’ +pK 
> 2 = 7.6 
2 
—— 
. 
Average of Experiments 14 and 15....... ii. 24/8. 2216.98 98 








* Value in parentheses not included in average. 
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On the other hand, that the relationship pK’, — pK’o (or 
re 

log =) should be significantly altered with change in cation 
R 

concentration could not be predicted by analogy with the known 

behavior of buffer acids in general, and does not appear to be 

demonstrated with certainty by our data. The average values 

of 1.50 and 1.45 for log i obtained from solutions of 30*and 

R 

145 m.-Eq. cation concentration, respectively, differ by a margin 

within the limits of experimental variation. The lower figure 

of 1.32 obtained from the two solutions with the intermediate 


TABLE XX. 
Values of pK, and pK, Estimated from Average pK, - pK, Value of 1.46 for 
Horse Hemoglobin, 1.24 for Dog Hemoglobin. 











pK’, + pK’ 
2 
H lobi Cati =: . 

ae. coussuieaiien. no pK’p pK'o 

AiBHD) value) 

4[O:Hb] . 

m.-Eq. 

Horse. 30 7.6 .33 6.87 
“<4 50 7.4 8.13 6.67 
ss 145 7.3 8.03 6.57 
Dog. 30 7.6 8.22 6.98 




















50 m.-Eq. cation concentration may owe its difference from 
them to experimental conditions. 

In estimating the pK’, and pK’o which we judge to approxi- 
mate most closely the correct figures, we have accordingly used 
for horse hemoglobin a single constant pK’, — pK’o value of 
1.46 the average from all 13 experiments, rather than the three 
pK’x — pK’o values obtained in Table XIX by averaging sepa- 
rately the data from solutions of 30, 50, and 145 m.-Eq. cation 
concentration. The pK’, and pK’ values thus calculated are 
given in Table XX. 

From Table XVIII and Fig. 18 it appears that the observed 
A{BHb] 


A[O.Hb] values agree within the limits of experimental accuracy 
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with those predictable according to the assumption that com- 
Kt 

bination with a molecule of oxygen increases 29-fold (log xe = 
R 


1.46 = log 29) the dissociation constant of one acid.group in 
the hemoglobin molecule of the horse, 17-fold in that of the dog. 
From the CO: absorption curve of Christiansen, Douglas, and 
Haldane (2) on reduced and oxygenated human blood Henderson 
(6) estimated by means of simultaneous equations a value of 9 


for Henderson, however, attached to this figure only the 


Kr" 
accuracy of a rough approximation to the order of magnitude. 
It remains to obtain precise experimental data on human hemo- 
globin in order to ascertain whether human and horse hemoglobin 

, P Nad A{[BHb] 
differ markedly in the properties indicated by the A{O.Hb] curves. 


That introduction of oxygen into the molecule of an organic acid in- 
creases the dissociation constant (reduced pK’) seems to be the usual rule, 
although with exceptions. Table XXI, taken from Landolt-Bérnstein’s 
“Tabellen,”’ indicates the magnitude of the change caused by introduction 
of oxygen into organic acids of varying types. Whether any of the acids 
in Table XXI are structurally related to the part of the hemoglobin mole- 
cule that binds labile oxygen is, of course, unknown. The data in the 
table show, however, that a pK’ shift of 1.46 as the result of the introduction 
of oxygen in the neighborhood of an acid radicle is within the order of 
magnitude of the effects observed in organic acids of known structure. 


While a shift of 1.46 in the pK’ value of one monovalent acid 
group affords a sufficient and reasonable explanation of the 
observed facts, the possibility is not excluded that the summated 
effects of smaller shifts in the pK’ values of more than one group 
may be responsible. One can demonstrate with curves such as 
A|BHb] — ld It f 
A[OsHb] values would result from 
shifts in the dissociation constants of 2 acid hydrogens such that 
pKr, — pKo, = 1.46 if the constants are so related that pK’p, = 
pK. Similarly, if three acid dissociation constants were 


assumed to be reduced by deoxygenation of oxyhemoglobin, 
A[BHb] 

t ° ° vr 4 —iomeaine 

he most acid one having pK’;, the next pK’s, the same A[O.Hb] 


those in Fig. 17 that identical 
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TABLE XXII. 


Comparison of the Dissociation Constants of Certain Organic Acids. 








Acid. | Formula. 
Acetic. | CH,COOH 
Glycollic. | CH,OHCOOH 
Glyoxalic. CHOCOOH 
Propionic. | CH;sCH,COOH 
8-Hydroxypropionic.|}; CH,OHCH,COOH 


| 
Lactic. 
Butyric. 
8-Hydroxybutyric. 


Isooxybutyric. 


Valerianic. 
6-Hydroxyvalerianic. 


Malonic. 





Hydroxymalonic. 
Succinic. 
Tartaric. 


Malic. 


Maleic. 
Dihydroxymaleic. 


Benzoic. 


o-Hydroxybenzoic. 


m—Hydroxybenzoic.’ 


p—Hydroxybenzoic. | 


CH;CHOHCOOH 


CH;(CH:2),.COOH 
CH,OH (CH:),COOH 
(CH;)s;CHOHCOOH 


CH;(CH:) ;COOH 
CH;CHOH(CH;),COOH 


COOHCH,COOH 
COOHCHOHCOOH 


COOH (CH:),COOH 
COOH (CHOH),COOH 
COOHCH.CHOHCOOH 


COOH (CH),COOH 
COOH (COH),:COOH 


hon 
| 

i 
“\COOH 


\ jon 


7 ‘coou 
; | 
\7= 

/ coon 


OH, / 


| 











pK 

4.75 

3.82 0.93 
3.30 1.45 
4.85 

4.51 0.34 
3.85 1.00 
4.82 

4.72 0.10 
3.97 0.95 
4.8 

4.7 0.10 
2.8 

2.3 0.5 
4.18 

3.01 1.17 
3.40 0.78 
1.89 

1.15 0.74 
4.19 

3.0 | 1.19 
408 | OU 
4.55 - 36 





* ApK is obtained by subtracting the pK of the hydroxy substituted acid 
from the pK of the corresponding unsubstituted acid. 
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TABLE XXI—Concluded. 











Acid. Formula. | pK ApK 
Dihydroxybenzoic. /\COOH 
1, 3, 4 | | 2.96 1.23 
\ /0H 
OH 
1, 2,4 ( 3.29 0.90 
Ria 
OH, /0H 
1, 2,5 es Oh vo 2.96 1.23 
\/ 
1, 2, 6 Ox 1.30 2.89 
\ /COOH 
OH 
1, 3, 4 4.48 —0.29 
2 ies 
OH 
1, 3,5 ss (mes 4.04 0.15 
* 
| Ont 











pH curve would be obtained under the conditions that pK’r; — 
pK’o, = 1.46, pK’r, = pK’o, and pK’r, = pK’o;. On the 
other hand, as will be shown later in a discussion of Hill’s hypoth- 
esis, an assumption that there is less than 1 labile acid hydrogen 
per molecule of oxygen capacity leads to conclusions incom- 
patible with our results. 


Calculation of the Base Bound by Hemoglobin from the Oxygen 
Saturation and the pH. 


It is now possible to formulate more accurately than in our 
third paper (9) the equation which expresses the titration curve 
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of hemoglobin in the oxygenated, reduced, or inactive form. In 
a mixture of reduced, oxygenated, and inactive hemoglobin the 
total base bound by the hemoglobin is given by the expression 


(15) [BHb] = [BHb, ] + [BHbO,] + [BHbi) 


where BHb; indicates the base bound to hemoglobin that is in 
the form inactivated with respect to oxygen-binding power. 

It has been shown that the titration curve for reduced hemo- 
globin from the isoelectric point Ig, at pH 6.81, to pH 7.6 closely 
approximates a straight line. Hence 


(16) [BHbg | = Br [Hb | (pH — Ig) 


Furthermore, it will be shown! that inactive horse hemoglobin 
has the same linear titration curve as reduced hemoglobin. Hence 


(17) [BHbi] = 8g [Bhi] (pH — Ik) 


The base bound by oxygenated hemoglobin may accordingly 


be expressed as that which would be bound by the hemoglobin 


te ABH} 
in the reduced condition plus the amount, A[OsHb]’ added _ iso- 


hydrionically as the result of oxygenation. Hence 


A[BHb] 
1 ) B = H 2 R —_ R om 
(18) [BHbO,] = [HbO.]8, (pH — I ) + NOsHb] 





If we substitute in Equation 15 the values for [BHba], [BHbi], 
and [BHbO,] from Equations 8, 16, 17, and 18, we obtain 


(19) [BHb] = 8, ([Hbsl + [Hbi] + [HbO,]) (pH — Ix) 





+ [HbO,] (; + pk SToR ee ok =n) 
Since 
(Hbx] + [Hbi] + [HbO,] = [Hb], 
Equation 19 simplifies to 
1 1 





) = _ - a 
(20) [BHb] = Ba(Hb] (pH — Ix) + [HbO,] f wR Tw 
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The accuracy with which these equations express the titration 


curves is illustrated in Table XVI where a comparison is made 


th ] — ge atl 1 experi tall 
between the values o Hbn an HbO. obtained experimentally 
and calculated from Equation 20 with the numerical constants 


of Table XXIII. 


Hill’s Hypothesis Concerning the Relationship between Oxygena- 
tion and Base-Binding Power of Hemoglobin. 


A modification of Henderson’s hypothesis has lately been 
advanced by A. V. Hill (13, 14, 15), based on the assumption 
that, instead of 1 acid group per mol, only 1 acid group per n 
mols of oxygen capacity in hemoglobin has its acidity affected 
by oxygenation, where n, has the same value as in Hill’s well 
1 _[Hbs] X'[pol* 
YS — 
cording to Hill’s hypothesis n molecules of hemoglobin, capable 
of combining with 1 molecule each of oxygen, are combined or 
aggregated in some manner, and have among them only 1 labile 
acid hydrogen of which the dissociation constant is greater in 


the oxygenated than in the reduced hemoglobin. The dis- 


known oxygen dissociation equation, 


ae , 
sociation constant of this : acid group per mol of oxygen capacity 


is supposed to be so greatly changed by oxygenation and reduc- 
tion, that in the oxygenated hemoglobin it binds at physiological 
pH an entire equivalent of base, in reduced hemoglobin none at 
all, the reaction H(Hb), + n O. + BHCO; = B(HbO,), + 
H,CO; going with practical completeness from left to right when 


reduced blood is oxygenated. 
[f Hill’s hypothesi t, th 2 ea! ] i 
ill’s hypothesis were correct, the d{OsHb] Vl" at varying 
pH would be represented by Equation 8 with Hill’s n introduced 


as follows: 


(21) d{[BHb] 1 ( 1 1 ) 








d[O:Hb]  » \1+ 10PK’o—PH 1 4 j9pK,—pH 


We have found it impossible to express our results by such 
an equation. The value of Hill’s n for horse hemoglobin in 
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solutions at constant pH with 30 mm cation concentration is 
found from previously published data (9) to be about 1.5. It 
is possible to assume a sufficiently great pKo — pKr difference 


to yield ci Sees ral Iculated by the ab 
o yield a maximum d{OsHb] value, calculated by the above 
equation with n = 1.5, approximating the maximum we have 


observed. At other pH points, however, the calculated curve 
falls less rapidly than the observed, and the differences between 
calculated and observed values exceed the experimental error. 
If we assume, for example, pK’o = 7.6 — 2.0, pK’r = 7.6 + 
2.0, n = 1.5, we obtain the following results. 


d [BHb] 


djO2Hb] 








Observed average | Calculated _ 
in solutions of 30 mM | by Equation 8, with 
cation concentration | PK’, and pK’, values 


pH | = 
| Calculated 
| by Equation 21 with 





n= 16. (From Table XVIII). | from Table XVIII. 
7.6 | 0.65 | 0.74 0.68 
7.4 0.65 | 0.66 | 0.66 
7.2 0.65 | 0.61 0.61 
7.0 0.64 | 0.55 0.53 


¥ 4) 
oO 
> 
ow 


0.43 0.43 





We find it equally difficult to reconcile quantitatively with 


Hill’s hypothesis the hn naa values determined on whole 


blood by Van Slyke, Hastings, and Neill (16). The first three 
experiments in their paper were performed at approximately 
constant pH, of 7.23 to 7.28 and with a range of oxygen tensions 
such that Hill’s n could be determined. The graphic logarith- 
mic method of Brown and Hill for determining n gives in these 
experiments a value of 2.54. The points for blood approximating 
complete reduction do not agree with the others, whether be- 
cause of the greater experimental difficulties in attaining com- 


ei ; —» ao 
plete equilibrium and in accurately determining a and Pos 





R 
at low oxygen tensions, or because at such tensions Hill’s equation 
is less exact, we are not certain. In all three experiments, how- 
ever, the points for oxygen tensions above 20 mm. fall almost 
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HbO, 

R 

= 2.54 log po, — 3.73; thus substantiating Hill’s oxygen dis- 

sociation equation for conditions of constant pH, and ofp,, > 20 
mm. (Fig. 19). 

However, if we insert the value of 2.54 for n in Equa- 


exactly on the straight line indicated by the equation, log 





tion 21 we obtain as the maximum possible value of aiBHb} 

d{O. Hb] 

(with _ =o )- : = 0.39, while the observed values were 
c 2.54 


0.55, 0.55, and 0.54 in the three experiments, and would be 
over 0.6 if corrected to constant pH, instead of constant pH,. 

Our results, therefore, do not indicate that one is justified in 
extending the n of Hill’s oxygen dissociation equation to include 
the significance he attributes to it in explaining the relative 
acidities of oxygenated and reduced hemoglobin. 


Physiological Efficiency of Hemoglobin as a Carrier of Carbon 
Dioxide and Oxygen. 


From the neutrality-regulating standpoint one may define 
the most efficient carrier of carbon dioxide and oxygen as the 
one which accomplishes their transport with minimum reaction 
change. It is of interest to estimate from our data how nearly 
horse hemoglobin approaches perfection as such a carrier. 

If we consider a normal resting organism with a respiratory 
quotient of 0.8 and an optimum pH, within the erythrocytes of 
7.30 (see Van Slyke, Wu, and McLean (1)) the perfectly efficient 
carrier might be considered as one which could enable the blood 
to exchange 1 mol of O2 for 0.8 mol of CO, without altering the 
pH, from the above optimum. It is necessary as a condition 
that at pH, 7.3 the addition of 1 mol of oxygen shall shift the 
pK’ of one or more buffer groups of the substance to such an 
extent that 0.94 < 0.8 equivalent, or 0.75 equivalent, of base is 
set free from the carrier to combine with CO, as BHCO;(the other 
0.06 mol of COs is absorbed as free H.CO; without change of 
pH, since at pH 7.3 the ratio HXCO;:BHCO; is approximately 
6:94). With a pair of curves like those of Fig. 17 one may estimate 
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Fig. 19. Data from experiments of Van Slyke, Hastings, and Neill (16), 


plotted according to linear logarithmic form of Hill’s equation, log 


HbO; 
Hb, 





= n log po. + log K. The equation for the straight line is satisfied by 
the values n = 2.54 and log K = —3.73. 
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what sort of substance fulfills these requirements. A buffer will 
meet them if it has one carboxyl whose pK’, when 1 mol of O, 
is absorbed, becomes shifted from 7.3 + 0.85 to 7.3 — 0.85, 
or from 8.15 to 6.45. These ideal figures approach the values 
7.30 + 0.73 and 7.30 — 0.73, or 8.03 and 6.57 estimated from our 
titration curves of reduced and oxygenated hemoglobin, respec- 
tively, in the presence of 0.145 equivalent cation concentration. 
A buffer group shifting its pK’ from 6.57 to 8.03 would free 0.68 
equivalent of alkali instead of the 0.75 equivalent required for 
a perfectly isohydrionic process. 

The buffer value of hemoglobin, aside from that connected 
with the oxygen change, is such that the slight additional amount 
of alkali required to combine with the remaining 0.07 mol of CO, 
per mol of O2 exchanged would be set free with a reaction change 
of about 0.01 pH. 


This value is calculated as follows. The molecular buffer value of hemo- 
shies = = AP mene at 
globin at H 7.3 is 2.9; viz., [Hb] 4 pH = 2.9. (Our data indicate this buffer 
value for both reduced and oxygenated hemoglobin at 7.3.) If we assume 
that the oxygen exchange is equivalent to one-third the oxygen capacity, 
we may express it as 4O, = 0.33 [Hb]. The CO, that must be neutralized 
by buffers is 0.07 A Oz, or 0.023 [Hb]. From the formula for the buffer value 


A[BHb] 

. —_— —g = 9 ™ — _ 
of Hb we have A pH 2.9 [Hb]’ If A [BHb] = 0.023, we have A pH 
0.023 [Hb] _ : r De , 
29[Hb) 0.008. This corresponds with the normal respiratory pH. 


change indicated by the nomogram in Fig. 5, Paper V (1). As indicated 
by the above nomogram, the pH, change would be about three times as 
great as the pH, change. 


Hemoglobin combines, therefore, within itself three properties: 
(1) ability to combine and release almost an entire molecule of 
uxygen at atmospheric and tissue tensions; (2) ability so to 
change its base-binding power with oxygenation and reduction 
that the base released is equivalent to a large part of the CO. 
normally exchanged for oxygen; and (3) high buffer value at 
physiological pH range. 

Other substances, e.g. methylene blue, can act as oxygen 
carriers. Organic acids of known structure, as already seen in 
Table XXI, show decrease in pK value of magnitudes near the 
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decrease shown by hemoglobin, as the result of combining with 
oxygen. Other proteins are efficient buffers at blood pH (see 
Table XXII). But in possessing the three properties combined, 
balaneed, and active within physiological gas tension and reac- 
tion ranges, hemoglobin shows unique adaptation to its function 
as carrier of carbon dioxide and oxygen. 








TABLE XXII. 
Buffer 
value per 
| gram 
Substance. at pH =7.0 Authority. 
dB 
|P]dpH 
Gelatin....... ae es *....-| 0.06 | Loeb. 
Egg albumen....... ee ened oa i * 
Globulin.... Reine xy cae 0.06 | Hitchcock. 
Berum protein................ | 0.07 | Van Slyke, Wu, and McLean. 
ee Meunier 0.20 | Loeb. 
Hemoglobin...... bere tinaeh 0.16 | Van Slyke, Hastings, Heidel- 
berger, and Neill. 
EE OE Te ee ee | 3.44 Clark. 


SUMMARY. 


Results with Horse Hemoglobin. 


Isoelectric Points——The isoelectric point, Ip, of reduced horse 
hemoglobin, defined as the point at which equal amounts of 
base and acid are bound, is at pH 6.81 + 0.02. 

The isoelectric point, Io, of oxyhemoglobin is somewhat lower, 
apparently slightly below pH 6.7. As it is more acid than the 
lowest pH values on our experimental curves, and can only be 
approximated by extrapolation, its value is less certain than 
that of Ip. 

Buffer Values.—Between the isoelectric point and pH 7.6 
the molecular buffer value, 8x, of reduced horse hemoglobin is 
almost constant for a given solution. In solutions of different 
electrolyte content the value of 8, appears to increase appreciably 
with the salt concentration, as shown in Table XXIII. 

For oxyhemoglobin the buffer value in a given solution de- 
creases steadily from pH 6.8 to 7.6 (see Table XVII). 
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Nature of the Oxidation-Reduction Effect on the Acidity of Hemo- 
globin.—The increase in base-binding power that occurs when 
reduced hemoglobin is oxygenated at varying pH follows a curve 
quantitatively consistent with Henderson’s hypothesis that 
combination with a molecule of oxygen increases the dissociation 


TABLE XXIII. 
Numerical Values for Constants of Horse and Doy Hemoglobin. 











Cati gs 1 I = K’ 
: ation con- | Molecular | Isoelectric we | 1 
—— centration | buffer value| _ point PK’n | PK’, x 
— in solution. | of reduced | of reduced | | R 
| hemoglobin. | hemoglobin. | 
mM | } | 
Horse. | . 30 2.6 6.81 | 6.87 | 8.33 | 29 
« 50 2.7 6.81 6.67 8.13 | 29 
- 145 2.9 6.81 6.57 8.03 29 
2.0 6.81 6.98 8.22 17 


Dog. 30 





constant of 1 acid hydrogen in the hemoglobin molecule... The 
experimentally obtained curves are expressed by the equation, 
derived from the mass law, as follows: 











d{BHb] 1 1 
d{O,Hb] {H+} [Ht] 
is K's 
1 1 


~ ip 1K o-0H ~ 1p Kae 


d{BHb] 
d{O2Hb] 
increase in equivalents of base bound by hemoglobin 


is the isohydrionic ratio 





increase in mols of O2 bound by hemoglobin , 

Ko and Kg are the acid dissociation constants, in the oxygenated 
and reduced states, respectively, of- the 1 acid hydrogen which 
is assumed to have its dissociation increased by oxygenation. 


> 


pK’ = —log —, where 7 represents the dissociation of the salt. 
Y 


The same results can also be calculated by assuming that 
oxygenation causes lesser increases in the K’ values of more than 
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one buffer group, but there is at present no reason to prefer such 
an explanation. 

ss d{[BHb] 

d[O.:Hb] 





values do not follow the equation 





a a a See 
diO.Hb] 7» \1+ 10PK’-pH ~ } + j9pK’-pH 


required by Hill’s hypothesis, that only. one acid H in the ag- 
gregate hemoglobin molecule H[Hb], has its dissociation constant 
affected by oxygenation and reduction. 

Equation Expressing the Relationships of Base-Binding Power, 
Reaction, and Degree of Oxygenation of Hemoglobin.—The rela- 
tionships outlined above between base-binding power, reaction, 
and degree of oxygenation are expressed in the equation 





1 1 
[BHb] = Br {Hb] (pH — Tx) a [Hb¢ “(i 10PK'o— pH _ ta) 
Base bound by Additional base bound as result of 
hemoglobin in the oxygenation. 


reduced state. 


({Hb] indicates total hemoglobin in mols of oxygen capacity, 
[HbO.] the oxyhemoglobin.) This equation expresses the ob- 
served relationships more accurately than the approximate linear 
equation of Van Slyke, Hastings, Heidelberger, and Neill (10). 
The values of the constants of the equation are given in Table 
XXIII. 


Results with Dog Hemoglobin. 


The relationships with dog hemoglobin are similar to those in 
horse hemoglobin, but the numerical constants, particularly the 
8p and Ip values, are unmistakably different, as may. be seen 
from Table XXIII. The differences in the values for dog as 
compared with horse hemoglobin constitute definite and measur- 
able chemical differences between the hemoglobins from the 
two species. They support the conclusion réached by Reichert 
and Brown from crystallographic studies, that hemoglobins 
from different species are different substances. 
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ON THE CHEMISTRY OF THE PYRIMIDINES. 
VI. NEW COLOR TESTS FOR URACIL AND CYTOSINE. 


By OSKAR BAUDISCH. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, March 26, 1924.) 


The study of the action of ferrous bicarbonate plus air on the 
pyrimidines' has been continued and the chemical change in the 
pyrimidine ring examined in more detail. 

If an aqueous solution of cytosine is treated with the system 
ferrous sulfate plus sodium bicarbonate plus air, hydrolysis of the 
amino group occurs with the formation of uracil and the liberation 
of ammonia. Since uracil is formed from cytosine it might be 
assumed that in the further reaction of the system ferrous _bi- 
carbonate plus air, identical results should be expected, whether 
cytosine or uracil were used as the starting material. That is, 
however, not the case because the ammonia released from cytosine 
influences the reaction. The subsequent course of this influence 
will be described later in this paper. 

Before the mechanism of the chemical changes in the 
pyrimidines, uracil and cytosine, was cleared up, it seemed as if 
uracil and cytosine behaved entirely differently, since different 
but characteristic color reactions were obtained in each case. 

In our previous experiments with uracil and cytosine, we had 
studied the behavior of these compounds towards sodium-penta- 
cyano-aquo ferroate (aquo salt) and had found that the two 
pyrimidines form penetration compounds of different colors, 


1 Johnson, T. B., and Baudisch, O., J. Am. Chem. Soc., 1921, xliii, 2670. 
Baudisch, O., and Johnson, T. B., Ber. chem. Ges., 1922, lv, 18. Deuel, 
H. J., and Baudisch, O., J. Am. Chem. Soc., 1922, xliv, 1581. Pfaltz, M. H., 
and Baudisch, O., J. Am. Chem. Soc., 1923, xlv, 2972. Bass, L. W., and 
Baudisch, O., J. Am. Chem. Soc., 1924, xlvi, 181. Baudisch, O., and Bass, 
L. W., J. Am. Chem. Soc., 1924, xlvi, 184. Bass, L. W., J. Am. Chem. Soc., 
1924, xlvi, 190. 
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156 Chemistry of the Pyrimidines. VI 


With the salt mentioned, uracil forms a deep green, and cytosine, 
aredcompound. This is due to the fact that in uracil the ethylene 
group with its partial valences is linked to the central iron atom. 
Ethylene itself forms with the aquo salt a deep green compound, 
In cytosine not the ethylene group but the nitrogen of the amino 
group determines the character of the compound, just as in indole. 
Due to the nitrogen of the pyrrole ring of indole, a red penetration 
compound is formed and not a green one. This experimental 
result must be emphasized here, since it apparently shows, very 
directly, the affinity of pyrimidines for ferrous salts—a fact which 
is of great importance for further study with pyrimidines. Another 
result of our previous investigations on uracil and cytosine is the 
fact that after treatment with ferrous bicarbonate plus air, the 
ring of the pyrimidines is still intact, but after warming on the 
water bath, hydrolysis takes place with the formation of urea. 
Nothing could be said at that time regarding the fate of the remain- 
ing three carbons of the ring, so the experiments were continued 
with a view to obtaining a deeper insight into the chemical changes 
involved in the disruption of the pyrimidine ring. 

The present paper describes the results of a new observation 
which should be emphasized at this point before passing on to a 
more detailed description. Uracil and cytosine form on treat- 
ment with ferrous bicarbonate and air and subsequent autoxida- 
tion of the colorless intermediate products, the same brilliant 
lemon-yellow pigment possessing special chemical properties. 
The formation of this pigment from the colorless intermediate 
compounds by such mild treatment is not only quite remarkable 
from biological, but also from a physical standpoint, since by 
this change the absorption of light is extended far into the vis- 
ible spectrum.’ 

It should also be strongly emphasized that the pyrimidines, 
uracil and cytosine, which are stable in a weakly alkaline solution, 
become, on treatment with ferrous bicarbonate and air, autoxi- 
dizable systems which form a number of biochemically important 
compounds on successive absorption of oxygen. 


2 It is worth mentioning that fresh urine, the color of which resembles 
the aforementioned yellow pigment, also gives all the characteristic reac- 
tions, so that one may suspect that the new compound may be contained 
in urine. 
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The system ferrous sulfate plus sodium bicarbonate plus air 
does not, as one would expect, oxidize the pyrimidines, but causes 
the addition of 1 molecule of water to the ethylene group. 


HN——CO HN——CO 
| | | 
OC CH + H,0 = OC Ae 
| OH 
| {| yu 
HN ——-CH HN——C 
NH 


The same compound is formed from uracil and cytosine, namely 
dihydro-isobarbiturie acid, which, up to the present time, could 
not be isolated, but its formation is indicated by several charac- 
teristic chemical reactions. 

After treatment of an aqueous cytosine or uracil solution with 
ferrous bicarbonate and air and filtration of the red ferric hy- 
droxide, a colorless, strongly autoxidizable solution is obtained. 
This solution is then gradually converted by the further absorp- 
tion of oxygen from the air into the deep red complex ferrous salt 
of isobarbituric acid. On further autoxidation the deep red solu- 
tion changes color from the surface downward into brilliant yellow. 
In alkaline solution at 37°C. this yellow pigment is weakly autoxi- 
dizable itself—a fact which is illustrated by the gradual dis- 
appearance of the yellow color from the surface. 

If one removes the iron of the deep red complex ferrous salt 
obtained from cytosine after treatment with ferrous bicarbonate 
and air and subsequent autoxidation, by the addition of nitroso- 
phenyl-hydroxylamine-ammonium (Cupferron)’ in a weakly acid 
solution in the cold, a brilliant yellow solution of the new com- 
pound is also obtained which is free from iron. 

The same yellow compound is formed from a synthetized iso- 
barbituric acid if the aqueous solution of the acid, together with 
small amounts of ferrous sulfate and bicarbonate, is allowed to 
stand in an open dish for 2 or 3 days. After addition of m- 
phosphoric acid and evaporation to dryness in the water bath, a 
brilliant yellow residue remains, which shows all the characteristic 
properties of the yellow compound obtained from uracil or cyto- 


* Baudisch, O., Chem. Ztg., 1909, xxxiii, 1298. Baudisch, O., and King, 
V. L., J. Ind. and Eng. Chem., 1911, iii, 629. 








the ane one 


SS rs 


a 








158 Chemistry of the Pyrimidines. VI 


sine. The question now arises as to the chemical constitution 
of the new yellow compound. Although it has not been possible 
to analyze the yellow pigment because of the small quantities 
of pyrimidine which were at our disposal, it seems probable that 
its formation occurs in the following way. 


HN—CO HN—CO 
| 
O CH + H,0 OC bn OH 
I| —— d Dihydro-isobar- 
HN—CH HN—CH;, biturie acid. 
Uracil. pS Dehydrogenation. 
yi. * 
' ' 4 \ 
Yellow pigment. a %, 
L N\ 
HN—CO OC——_NH HN——CO 
| 
od em C bo OH <— o¢ d OH 
| | | | OH | II 
HN——CH, H,:C——NH HN—CH 


Isobarbituric acid. 


| —H,0 + H,0 


HN—CO OC NH* 
o¢ GG do 


| | | 
HN—CH HC——NH 





According to this scheme it will be seen that we are dealing 
with the formation of a bimolecular pinacone-like compound, 
with the linking of two carbon atoms, 5 of the pyrimidine ring, a 
property which is characteristic of the atomic group. 


*This compound resembles tetra methyl-dehydro-hydurilic-acid 
N(CH;) —-CO OC——N(CH;) 
= co 


l ma 
N(CH;) bo ob N(CH;3) 








which was first prepared by Biltz and Hamburger (Biltz, H., and Ham- 
burger, T., Ber chem. Ges., 1916, xlix, 655). 
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This type of reaction, as we shall see later, plays an important 
role in biochemical oxidation-reduction processes and in bio- 
chemical processes in general. As concerns the experimental 
part of the conversion of cytosine or uracil by means of ferrous 
bicarbonate and air, it was very apparent that the yellow pigment 
was formed much more quickly from cytosine than from uracil. 
This was found to be due to the fact that the ammonia produced 
in the cytosine experiment acts as a catalyst and hastens the 
autoxidation and, therefore, the formation of the yellow pigment. 
This pigment, which is characterized by a great stability toward 
both acids and alkalies, has special. properties which will now be 
described in more detail. 

The chemical reactions of the yellow pigment are quite different 
according to whether one deals with weakly acid or wealky basic 
solution. In basic solution, even at a very high dilution, the fol- 
lowing characteristic reactions were observed. Ammoniacal silver 
nitrate solution is slowly reduced in the cold and is reduced very 
quickly on heating. The reducing power is very marked towards 
phosphomolybdic acid with the formation of a deep blue color. 
Epsecially sensitive is the reaction with diazobenzenesulfonic 
acid, which gives an intense, but temporary, brilliant red color. 
When the solution is cooled with ice before adding the diazo com- 
pound, the red color can be maintained for a considerable time. 

The reaction with methylene blue is also very characteristic. 
Methylene blue solutions are decolorized quickly but an intense 
blue color appears at the surface due to the absorption of oxygen 
from the air. This reaction characterizes the reduction and oxida- 
tion power of the yellow pigment in alkaline solutions. Methylene 
blue is reduced to the leuco compound because of the loosely 
linked hydrogen atoms, while on the surface of the liquid a peroxide 
is formed by the absorption of oxygen which afterwards decom- 
poses with the formation of hydrogen peroxide. Such oxidizing 
and reducing systems are particularly important in biochemical 
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processes, and groups which bring about such reactions appear 
in very different aliphatic and aromatic compounds in nature. 
In acid solution, the yellow pigment is very susceptible to reducing 
agents. For instance, zinc dust easily decolorizes it. On warming 
the colorless solution in an open bath, the yellow color returns on 
autoxidation. 

These new experimental results in the study of the pyrimidines, 
uracil and cytosine, give, I believe, quite a new insight into the 
part which they play in biochemical processes—a field in which 
we have heretofore been completely in the dark. 


Significance of the Formation of a Yellow Pigment from Cytosine 
and Uracil for Biochemistry. 


Among the decomposition products of uric acid we find a number 
of pyrimidine combinations which have aroused the attention of 
biochemists since the early days of Liebig and Wohler. The 
simple pyrimidines, uracil, cytosine, and thymine, however, have 
not been given sufficient attention by the biologist or the bio- 
chemist, and, therefore, we know practically nothing of the me- 
tabolism of these compounds in the plant or animal organism. 

Prior to the investigations of Kossel and of Levene and Jacobs, 
it was still an unsolved question whether the pyrimidines appear 
as such in the nucleic acids or whether they are decomposition 
products of the purines. As a result of the investigations of 
Levene and Jacobs‘ we now know that there are simple com- 
binations of pyrimidines with sugar and phosphoric acid, so called 
nucleotides, which may be considered as the real components of 
nucleic acid. Still unsolved remained the biochemistry of the 
pyrimidine ring itself and nothing was known about the chemical 
properties of uracil, cytosine, and thymine as regards their relation 
to other compounds occurring in the plant or animal kingdom. 
In the following description will be given an outline of such 
relationships which are based on experimental observations, with 
instances such as indole, chrysarobin, quercetin, and adrenalin. 

In the pyrimidine ring we have a very reactive group, namely 
the ethylene group, which we find also in indole and somewhat 


4 Levene, P. A., and Jacobs, W. A., Ber. chem. Ges., 1908, xli, 2703; 1909, 
xlii, 335, 1198, 2469, 2474; 1911, xliv, 746; Handbuch der biologischen 
Arbietsmethoden, Berlin, 1910, ii, 605. 
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masked in anthracene. On addition of 1 water molecule a new 
atomic configuration is obtained 


CH cg 
| sno — | 
CH cf’ 

Na 


| | 
of a very reactive type and of special biochemical significance. 
Three reactions are particularly characteristic of this group as we 
shall now see. First, in alkaline solution this atomic configuration 
absorbs oxygen from the air with the formation of an intermediate 
peroxide which itself is unstable and decomposes with the produc- 
tion of hydrogen peroxide. 
H OH H OH oH 
4 
~ ds e 


Y ’ 
, 


/ /N\/ || \4\/ 
+ O2 | S . cee | + H,0, 
/\iS FF ASA, \c 
C O \ 

H H H H 
Second, 2 hydrogen atoms of the group in the presence of OH ions 
are very reactive and readily reduce to the leuco compounds such 
substances as methylene blue or indigo carmine. Third, one of 
the carbon atoms of the group possesses the power of linking other 
carbon atoms which results, of course, in the formation of bi- 
molecular compounds according to the following scheme. 


—— C—_____- CC}, — —— C—_—_—_— CH, — 
Y ii IN 
H OH | OH 

_-_—_—>> | 
H OH Pay 
—_—C———_—___CH;, — — C ——_—_—_— CH: — 


Such a bimolecular compound is obtained, for instance, with 
adrenalin and a solution of this substance gives all the previously 
described color reactions which are characteristic for an aqueous 
solution of isobarbituric acid or of the yellow compound ob- 
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tained from cytosine and uracil. If we now compare indole and 
uracil 
CH HN CH 
( YS | \ 
CH OC CH 
q / | ao 
Y NNH HN — CO 


we will find that because of the ethylene groups in the ring many 
chemical properties of the two substances are alike. For instance, 
on treatment of indole with ferrous bicarbonate and air, a colorless 
solution is first obtained which gives the same characteristic 
reactions observed after treatment of uracil or cytosine with the 
same reagent, as for instance in its behavior towards such reagents 
as ammoniacal silver nitrate, phosphomolybdic acid, diazobenzene- 
sulfonic acid, and the like. 

The colorless solution obtained after shaking indole, with thé 
system ferrous sulfate plus sodium bicarbonate and air is strongly 
autoxidizable, and due to the absorption of oxygen from the air 
becomes greenish yellow and finally indigo is formed. 

A similar behavior is found among anthracene compounds 
which are widely distributed in nature. For instance, chrys- 
arobin, a well known remedy for skin diseases,’ which forms on 
reduction dihydroanthranol 


a JOH O 
| 
OH Ns OH OH C OH 
os, O.(Air) (YY) 
CLO, Ae OY 
H, Y%\ 
; CH; 
AN 
H H 
iliac dihydroanthranol. Chrysarobin. 
and as a by-product anthrapinacone. 
F on Pas 
yO Ea. 
H; 
, " 
H H H’ H 








5 Unna, P. G., Wien. klin. Woch., 1922, xxxv, 387. 
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It is quite interesting to compare all the steps involved in the 
transformations of anthracene to anthraquinone and of uracil to 
alloxan. All the compounds listed in the following table have 
been isolated and are described in the literature except dihydro- 


isobarbituric acid which is first mentioned in this paper. 


p 


: C Anthracene. 
H 
H H 
\Z 
0 
C \ Dihydroanthracene. 
“N 
H H 
a a 
ee Dihydroanthranol. 
4™N 
H H 


OH 


yA 
YY 


C / Anthranol. 
“nN 
H 


OH 
388 Oxanthrol. 
/ 


OH 





aR 
OC CH 


| | 
HN——CH Uracil. 


HN—CO 
O dn, 

ee | 
HN——CH, Dihydro-uracil. 


| | fu Dihydro-isobarbi- 
HN— XK turic acid. 
H 


HN——CO 
0¢ (01 
| 
HN C—H _8Isobarbituric acid. 





5 a 
of C—OH 
I| 
HN ——C—OH Isodialuric acid. 
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O 
c HN—CO 
Py: QD ob bb 
MA Anthraquinone. HN—¢o Alloxan. 


O 


Quite similar to the behavior of the anthracene derivatives 
concerning the attachment of 1 water molecule to a double carbon 
linkage, is the behavior of the group 


which occurs in the anthocyans. The formation of a cyanidine 
pseudo base by the addition of a water molecule to the carbon 
atom and finally oxidation to a flavone compound 


™ 
H OH 
resembles very much the aforementioned synthesis of dihydro- 
isobarbituric acid from uracil. Also, in this case we have to deal 
with a system which is stable in acid solution and which becomes 
very reactive and autoxidizable in weak alkaline solution. It must 


be emphasized that in the natural pigments mentioned as well as — 


in the pyrimidines, we have to do mostly with the glucosides of 
compounds which, according to our knowledge of certain antho- 
cyanines, have a stronger reactivity than the compounds them- 
selves. 

If we summarize our observations we can assume that the 
pyrimidines, uracil and cytosine, or their decomposition products 
dihydrobarbituric acid, isobarbituric acid, and the brilliant yellow 
compound, possess the functions of respiration pigments. This 
explanation at the same time gives a deeper insight into the neces- 
sity of iron which, as is well known, can be found in every cell 
nucleus. 
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EXPERIMENTAL WORK. 


Experiment 1.—On adding a solution of 50 gm. of ferrous sulfate in 100 
cc. of distilled water to a solution of 50 gm. of sodium bicarbonate and 0.1 
gm. of uracil in 1 liter of water, a white precipitate of ferrous bicarbonate 
was formed which gradually turned red on shaking with air. After filtra- 
tion of the ferric hydroxide a clear, colorless solution remained which, on 
being allowed to evaporate in vacuum to about 150 cc., yielded a liquid 
which was clear and colorless (Solution S) but which immediately turned 
reddish upon contact with air. The reddish solution gave the following 
characteristic reactions. 

With ammoniacal silver nitrate, reduction took place even in the cold; 
with phosphomolybdic acid an indigo blue color was formed. With diazo- 
benzenesulfonic acid a brilliant red color, quickly fading to yellow, was pro- 
duced. On acidifying with m-phosphoric acid and evaporating to dryness 
in the water bath, there yemained a brilliant lemon-yellow residue. But 
on acidifying with glacial acetic acid a residue remained which had an 
eosin-like color. 

All these reactions are given only with a uracil solution that had been 
treated with ferrous bicarbonate and not with the uracil solution itself. 

Another striking color reaction is the gradual change from colorless into 
red, then brilliant yellow, and again colorless, which took place if one 
allowed Solution S to stand in the incubator. The color change always 
begins at the surface, which indicated that the chemical process was due 
to an autoxidation process. 

Experiment 2.—This experiment was an exact repetition of the first one, 
with the exception only that the mixture was not shaken by hand but stirred 
with a very good stirrer for several hours. After filtration and evaporation 
in vacuum to dryness the white residue became eosin red on contact with 
the air. While in the first experiment the reddish color was due to the 
formation of a complex ferrous salt of isobarbituric acid, here we had to do 
with an organic compound of red color which, however, gave all the same 
reactions described above. 

Experiment 3.—In this experiment, cytosine was taken instead of uracil. 
The conditions were exactly the same as in Experiment 1 and the shaking 
was done by hand forlhour. Also, in this case the remaining solution after 
vacuum distillation was colorless, but changed to a deeper red than in the 
case of the uracil experiment. All the above mentioned characteristic 
reactions were observed, with the single exception that in the phospho- 
molybdic acid reaction, the color was greenish blue instead of indigo blue. 
This is due to the fact that in the cytosine experiment the yellow pigment 
was more rapidly formed than in the case of uracil and the mixture of blue 
and yellow gave the more green appearance. 

Experiment 4.—The working conditions were changed as follows: In 
a 2 liter Pyrex round bottom flask 1} liters of distilled water were boiled 
for 1 hour and then 0.1 gm. of uracil and 10 gm. of NaHCO, were added. 
After this, a test-tube was filled with 10 gm. of powdered ferrous sulfate 
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and suspended in the neck of the bottle. After further boiling for about 
15 minutes, the bottle was closed air-tight, quickly cooled by tap water to 
room temperature, and then, by turning the flask, the ferrous sulfate mixed 
with the sodium bicarbonate was emptied out of the test-tube into the 
solution. The precipitated snow-white ferrous bicarbonate takes up oxy- 
gen rapidly and after vigorous shaking with air, all the iron had changed 
in about 20 minutes into the red ferric hydroxide. After filtration and 
evaporation to dryness in vacuum, a colorless residue remains, which, after 
solution in water, becomes reddish. This solution gave all the afore- 
mentioned reactions. 

Experiment 5—This experiment was similar to Experiment 4, except 
that cytosine was used. In this case the white ferrous bicarbonate did not 
change so quickly into the red ferric hydroxide because of the ammonia split 
off from the cytosine by hydrolysis. A dark blue-green precipitate was 


formed, which changed after further shaking with air into the red ferric , 


salt. The residue from the vacuum distillatien was again colorless but 
still could be changed with air into a reddish or eosin red color. By dis- 
solving in water, the color changes only toyellow. This liquid also gave all 
the characteristic reactions. 


Sensitiveness of the New Color Reactions for Uracil and 
Cytosine.® 


A solution of 0.01 gm. of uracil or cytosine in 1 liter of water was boiled 
for half an hour and then 5gm. of sodium bicarbonate were added. 

The ferrous sulfate was put in a test-tube and not allowed to be mixed 
with the boiling liquid. After 10 minutes boiling the flask was closed air- 
tight and suddenly cooled by tap water. After mixing the ferrous sulfate 
with the liquid, white ferrous bicarbonate was precipitated and it took only 
about 20 minutes to change it into red ferric hydroxide. After filtration 
and evaporation in vacuo, there resulted a colorless residue which was 
dissolved in 30 cc. of water. The solution changed gradually to a yellowish 
red color. For the different reactions only 1 cc. of this liquid was taken for 
each one. The reactions were as follows: 

With ammoniacal silver nitrate solution on warming—intensive reduc- 
tion. With diazobenzene sulfonic acid—a brilliant red color which quickly 
faded. With phosphomolybdic acid—a deep blue color. 

This experiment proves the very great sensitiveness of the new color 
reactions for uracil and cytosine. 

Experiment 6.—Experiment 5 was repeated, but the precipitated ferrous 
bicarbonate was allowed to stand in the absence of air for about 3 hours 
before it was shaken with air. The aged ferrous hydroxide absorbed the 
oxygen much more slowly and after 1 hour of vigorous shaking, the iron 
precipitate was only greenish brown and not red. After filtration and 
evaporation in vacuum, the residue did not give any of the characteristic 
reactions. 





See Wheeler, H. L., and Johnson, T. B., J. Biol. Chem., 1907, iii, 183. 
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TWO ISOMERIC TETRAMETHYL MANNONOLACTONES. 


By P. A. LEVENE anp G. M. MEYER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 17, 1924.) 


It was pointed out in previous communications that mannose 
in many respects behaved abnormally. The causes of its abnor- 
mal conduct have not yet been explained entirely satisfactorily. 
The possibility for abnormal conduct which to-day first comes to 
the front is the nature of the oxidic ring. True, for the present, 
there exists little experimental evidence to connect the structure 
of the ring with the optical rotation of the sugar. Only for the 
pentacetates of galactose, four isomers, or rather two pairs of two 
isomers, were described.: The magnitude of the rotation of car- 
bon atom 1 was found practically the same for each pair of isomers. 
There was found, however, a difference in the behavior of the two 
forms. In one pair the catalytic effect of zinc chloride was 
normal. It converts the levo-rotatory form into the dextro with 
much higher velocity than it reverses the dextro-rotatory form. 
In the other pair, the phenomenon was reversed; namely, the 
conversion of the dextro-rotatory isomer proceeding with greater 
velocity than the reverse reaction. Thus, it is not excluded that 
in the second pair the 6-isomer is the dextro-rotatory form. In the 
case of galactoses, such an assumption would not be entirely un- 
justified for the reason that on comparing the butylene (I) and the 
amylene (II) oxidic forms, one notices that the oxygen rings in 
the two forms have opposite directions. 








Galactoses. Mannoses. 
H OH H OH a OH H OH 
4 
wana on x, ¥ : 
HCOH u¢ox | OHCH OHCH | 
O d | | oOo | 
| OHCH OHCH O comet OHCH O 
L 7H oHCH | HC— HCOH 
HCOH Ho as H ‘eR 
H,OH CH.OH CH,OH CH,OH 
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It is possible then that the a- and 8- isomers in sugars with different 
oxidie structures are determined by the position of the hydroxyls 
not with respect to the hydroxyls on the other carbon atoms, but 
by its position with respect to the oxidic ring. In the case of 
mannose, both the butylene oxidic and amylene oxidic rings have 
the same direction and it is not excluded that some of the abnor- 
malities might be due to a peculiarity in the oxidic ring of mannose. 
Of course it is not excluded that in solution the two oxidic forms 
reach an equilibrium. In view of these considerations, it was 
concluded to compare the lactones obtained on oxidation of tetra- 
methyl mannose and that obtained on methylation of mannonic 
lactone. Pryde’ has shown that in the case of galactonic lactone, 
the two differed in the direction of their optical rotation. On the 
basis of the rule of Hudson, which connects the direction of rotation 
of sugar lactones with the position of the lactonic ring, the 1, 5- 
lactone should rotate to the right and the 1, 4 to the left. In the 
case of the mannoses, this was not to be expected, but it was hoped 
to differentiate the two lactones if two isomers were formed by re- 
ducing the two lactones to the corresponding sugars. Fortunately, 
this step was not necessary for the reason that the two lactones 
showed unmistakable differences. The tetramethyl] lactone obtained 
from the tetramethyl mannose is a liquid. The free acid and its 
sodium salt are dextro-rotatory ; also, the lactone is dextro-rotatory. 
The tetramethyl lactone obtained on methylation of mannonic lac- 
tone is crystalline, and has a sharp melting point at 107°C. The 
free acid and its sodium salt are levo-rotatory. The lactone is 
dextro-rotatory. It is peculiar that the two tetramethyl] lactones 
should rotate in opposite directions. This peculiarity requires 
elucidation. 

Considerable interest is also attached to the fact that in the 
non-methylated acids the free acids and their salts rotate in oppo- 
site directions. On the other hand, the direction of rotation 
remains the same in the acids and the salts of the methylated 
derivatives. 

The work of reducing the lactones to the corresponding sugars is 
now in progress. 


1Pryde, J., J. Chem. Soe , 1923, exxiii, 1898. 
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EXPERIMENTAL, 


Tetramethyl Mannonolactone.—Mannonolactone was methylated 
in portions of 20 gm. by the silver oxide-methyl iodide method. 
For the first methylation, methyl alcohol was used as solvent; for 
the second, acetone. For the third and final methylation, no 
extra solvent aside from methyl iodide was used. The combined 
products of several methylations were extracted with ether, dried 
with anhydrous sodium sulfate, the ether was removed under 
diminished pressure, and the syrup distilled. The larger part 
boiled at 135°C. at 0.3 mm. pressure and crystallized on standing 
at room temperature. The substance was readily recrystallized 
from ether and obtained as white shining crystals, melting at 
107°C. 

The analytical values showed this substance to be tetramethyl! 
mannonolactone. 


0.0992 gm. substance: 0.1862 gm. CO, and 0.0696 gm. H,0. 


0.1022 “ 0.4096 “ AgI (Zeisel). 
CicHicO¢. Calculated. C 51.20, H 7.70, CH;O 53.0. 
Found. “ 51.19, “* 7.8, - a 


0.1077 gm. of substance was dissolved in an excess (10 cc.) of 
0.1 n NaOH, allowed to stand at 50° for several hours, and titrated 
with 0.1N HCl. 4.8 cc. of 0.1 n NaOH were neutralized by the 
substance, equivalent to a molecular weight of 225. Calculated 
for the lactone the molecular weight = 234. 

The lactone showed the following optical rotations. 


In Water. 





Initial. Equilibrium. 
[a]; = em = + 65.2° [a]; = Hex = +56.3° 
In 0.3 w HCl. 
Initial. Equilibrium. 
lee T3err 620 lal = Pay +S 


The Optical Rotation of the Free Acid. 

The substance was dissolved in 5 ec. of 0.4 N NaOH, allowed to 
stand at about 50° for 2 hours, then cooled and acidified with 5 
ec. of 0.6N HCl. After the initial reading, the solution was kept 
at 50°C. until equilibrium was attained. 
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Initial. Equilibrium. 
0  —0.50°X100_ gn ag » +0.95°X100_, ,.., 
[a], = 1X1.974 ~~ 73 [a], = 1x19 ~ +? 


The Optical Rotation of the Sodium Salt. 

The lactone was dissolved in 0.2 n NaOH and warmed at 50° for 
2 hours. 

2  —0.42°X 100 
lal = T1856 = 

Tetramethyl Mannose.—This was prepared by the methylation 
of methyl mannoside with dimethyl sulfate and sodium hydroxide 
as described by Haworth. ‘ The mixture of methylated manno- 
sides obtained by this process was converted completely into 
tetramethyl mannoside by the sodium-methyl iodide process of 
Freudenberg and Hixon.? 

The product obtained in this way is distilled at 135-139°, 
p=1mm. The distillate crystallized nearly at once on reaching 
room temperature. The tetramethyl mannoside is converted into 
the free sugar by hydrolysis with 8 per cent hydrochloric acid as 
described by Irvine and Moody.* 

Oxidation of Tetramethyl Mannose.—50 gm. of tetramethy! 
mannose were dissolved in 250 ec. of water and 2 parts of bromine 
added gradually, all being kept at room temperature for 2 days. 
The bromine was removed in the usual way and the solution was 
concentrated under diminished pressure to a very thick syrup. 
This was extracted with dry ether. The ethereal solution was 
again dried over sodium sulfate, concentrated, and distilled. 

The syrup was fractionated as follows: 

Fraction I boiled at 110—-115°, p = 0.5 mm. and had 55.6 per cent CH;0. 

“ II “= “ 120-130°.p=0.5 “ “ contained 49.75 per cent 
C and 7.83 per cent H. 
Fraction II was heated at 80° in high vacuum for several hours 
and then distilled. This was repeated several times. A distil- 
late was finally obtained, boiling between 115-120°. The syrup 
did not crystallize even on cooling. It reacted acid to litmus. 
0.1081 gm. substance was titrated with 10 ec. of N NaOH and 
after standing at 50° for 2 hours, required 5.7 cc. of N acid for neu- 


2 Freudenberg, K., and Hixon, R. M., Ber. chem. Ges., 1923, lvi, 2119. 
* Irvine, J. C., and Moody, A. M., J. Chem. Soc., 1905, Ixxxvii, 1462. 
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tralization. 0.1081 gm. of substance, therefore, neutralized 4.3 
ec. of N NaOH equivalent to a molecular weight of 252. The 
substance analyzed as follows: 


0.1052 gm. substance: 0.1938 gm. CO, and 0.0742 gm. H.0O. 


0.1094 “ s 0.4298 “ Ag I. 
CioHis0O¢. Calculated. C 51.2, H 7.70, CH;0 53.0. 
Found. “9.2, *7.0 * 51.68. 


It is evident that the material was the lactone containing a small 
proportion of the acid. However, on repeated fractional distilla- 
tions, the composition remained constant. 

This substance had the following rotations: 


In Water. 
Initial. Equilibrium. 
20 + 3.0° X 100 nile 2 + 1.35°X 100 —— 
alo = —Txo85 7 105° = [als = “TXagg = + 456 
The Optical Rotation of the Sodium Salt. 
The substance was dissolved in 0.2 n NaOH. 
[aj = £1.04" x 100 
Ol ~ “1X 2.512 
The Optical Rotation of the Free Acid. 
The substance was dissolved in 5 cc. of 0.4 n NaOH and allowed 
to stand at about 50° for 2 hours, cooled, and acidified with 5 ec. 
of 0.6N HCl. The reading was taken immediately and the solu- 
tion was then set aside at 50°. Final equilibrium was only reached 
after 24 hours. 





= + 41.6° 


Initial. After 2 hours. 
fal = Om ize [aly = FPS - + 205° 
After 24 hours. 
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STRUCTURE OF DIACETONE GLUCOSE. 
SECOND PAPER. 


2-METHYL GLUCURONIC ACID AND 4-METHYL GLUCOHEPTONIC 
LACTONE. 


By P. A. LEVENE anp G. M. MEYER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 
(Received for publication, April 17, 1924.) 


Two important details in the structure of diacetone glucose are 
in dispute. One refers to the position of the second acetone group 
and the other to the nature of the oxidic ring. The first detail 
was satisfactorily solved by Levene and Meyer! as well as by 
Karrer? and seems now to be generally accepted. The second 
point is still under discussion. According to the view of so emi- 
nent an authority as Irvine,’ the oxidic ring has the structure of . 
that of the y sugars. On the other hand, Freudenberg and 
Doser‘ attribute to it the usual butylene oxidic structure. H. 
Ohle’ in his very recent publication makes it clear that the evi- 
dence brought forth by either group of workers is not convincing. 
We also felt the need of more data before a final conclusion could 
be formulated. Hence the present work. 


























H OH a ay H OH 
<a 4 Cc 5 ~t COOH COOH 
HOOH | HCOH | HCOH oHcOH u¢oH u¢oH 
P cxale? cmoke 9 Ld | 
H | CH,OCH CH;0CH — CH r-—CH r—CH 
| j= | | a) ee eee 
HC——- " 4 4 HCOCH; HCOCHs; 6 HCOCH; 
O 
HOH — n¢oH HCOH | HCOH HCoH 
H,OH COOH COOH CH,0H -—OC : 
AN 
; OH 4H 
I II. III. IV. 7: VI. 
¢-3-Methyl d-3-Methyl d-3-Methy] d-4-Methy] d-4-~Methyl 1-3-Methyl 
ucose. saccharic glucuronic glucose. (3,6) saccharic guluronic 
(1,4) lactone. acid. lactone. (1,4) acid. 





1 Levene, P. A., and Meyer, G. M., J. Biol. Chem., 1922, liv, 805. 
*Karrer, P., and Hurwitz, O., Helvetica Chim. Acta, 1921, iv, 728. 
3 Irvine, J. C., and Patterson, J., J. Chem. Soc., 1922, exxi, 2146. 
‘ Freudenberg, K., and Doser, A., Ber. chem. Ges., 1923, lvi, 1243. 
’Ohle, H., Ber. chem. Ges., 1924, Ixxv, 403. 
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The above graphic presentations indicate that the reduction of 
the monomethyl saccharolactone previously obtained by us on 
oxidation of monomethy] glucose could furnish evidence as to the 
position of the methyl group. If it is in position 3, then the result- 
ing substance by I, II, and III should be d-3-methy! glucuronic 
acid. If it is in position 4, then by IV, V, and VI the resulting 
substance should be /-3-methy] guluronic acid. 

The results of our present experiments point to the formation of 
d-3-methyl glucuronic acid. This conclusion is reached on the 
basis of the properties of the p-bromophenylhydrazine derivatives 
of glucuronic acid and of the new substance. The direction of 
mutarotation of the p-bromophenylhydrazine derivative of 
glucuronic acid is the same as that of p-bromophenyl glucosa- 
zone. It was pointed out by Levene and La Forge® that the 
mutarotation of d-glucosazone shows a decline in the numerical 
value, the direction of the rotation being to the left. In this respect 
the p-bromophenylosazone of glucose and the corresponding deriv- 
ative of glucuronic acid are identical. The mutarotation of 
each is in the sense of a decrease in numerical value and the direc- 
tion is to the left. The new substance forms a p-bromophenyl- 
hydrazine derivative with practically the same properties as that 
of glucuronic acid and having the same character of mutarotation. 
If the substance had the structure of /-3-methyl guluronic acid, 
the mutarotation should have had the opposite character; namely, 
it should have shown an increase in the numerical value of its 
rotation as does the p-bromophenylosazone of gulose.’?_ For final 
proof, it is hoped eventually to prepare /-3-methyl guluronic acid. 

A second source of information regarding the structure of the 
monomethyl glucose may be obtained from the heptonic acids 
derived from it. 





H OH co—, H OH ,—Cco 
i | —- | 
ie . HOOH ‘ G | HCOH 

O 
HCOH | HCOHO O HCOH a ae 
CH;,O0CH CH,0CH = a —a 
| . 
BC dinaisil Ho— HCOCH;, HCOCH, 
won = ta HCOH HCOH 
| 
CH,OH CH,OH CH.OH CH,0H 
I. II. III. IV. 
Dextro. Levo. 








6 Levene, P. A., and La Forge, F., J. Biol. Chem., 1915, xxx, 429. 
7 Levene, P. A., J. Biol. Chem., 1915, xx, 429. 
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From these graphic formulas it is evident that 3-methyl glucose 
should yield a dextro-rotatory heptonic lactone, whereas 4-methy] 
glucose should lead to a levo-rotatory heptonic lactone. The 
methyl glucoheptonic lactone obtained from our methyl! glucose is 
dextro-rotatory. The lactone obtained from unsubstituted glu- 
cose is levo-rotatory. 

The synthesis of the 4-methyl heptonic lactone had still another 
theoretical interest. The sugars with oxidic rings other than the 
butylene oxidic acquire an increasing interest. Their synthesis 
depends upon the preparation of lactones having structures 
different from the 1,4-lactonic. Thus, it was important to in- 
quire whether lactones form 4-methyl sugar acids. This ques- 
tion was answered in the affirmative through the present ob- 
servation. The reduction of the lactone to the corresponding 
sugar is now in progress. 

A second point of interest is the following. It was noted by 
Levene that in the sugar acids, the free acids and their salts rotate 
polarized light in opposite directions. The question arose as to 
whether this is a peculiarity only of those sugar acids that form 
1,4-lactones, or whether the phenomenon is independent of the 
character of the lactone which the acid forms. It is seen from the 
present work that 4-methyl-a-glucoheptonic acid behaves in this 
respect as the non-substituted sugar acids. Ontheother hand, the 
tetramethyl mannonic acids show the same direction of rotation 
whether in the form of free acid or its salt. 


EXPERIMENTAL. 


Preparation of 3-Methyl Glucuronic Acid.—12.0 gm. of the crystal- 
line methyl saccharolactone were reduced in the usual manner 
with a 2 per cent sodium amalgam. 25.0 gm. of the amalgam were 
required for the maximum reduction. Calculating on the basis of 
the reducing power of glucose, the yield of glucuronic acid was 20 
per cent of the employed lactone. In view of the small quantity 
of material on hand, no attempt was made to obtain the crystal- 
line methyl glucuronic acid. The reaction product was concen- 
trated to a small volume, rendered slightly acid to Congo red by 
means of sulfuric acid, and the major part of the salt removed by the 
addition of 99 per cent alcohol. The filtrate was then concentrated 
to about 150 ce. An equal volume of water was added. One-half 
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of the solution, containing about 1.2 gm. of glucuronic acid, was 
then partially neutralized with sodium hydroxide until it reached 
acid to litmus, but not to Congo red. To this solution 3.5 gm. of 
p-bromophenylhydrazide hydrochloride and the same weight of 
sodium acetate were added and the solution was allowed to digest 
ona waterbath. Soon the osazone began to crystallize in the form 
of a bright yellow flocculent mass, consisting of microscopic needles, 
After about 30 minutes, the first lot of the osazone was filtered and 
the filtrate was again placed on a water bath. The operation was 
repeated several times. All the precipitates were combined and 
suspended in ether to which a little acetic acid was added. The 
extraction with ether and glacial acetic acid was repeated until a 
sample, examined under the microscope, showed the absence of 
oil droplets. The yield of the dried material in this degree of puri- 
fication was 0.700 gm. It was practically pure, as analysis has 
shown. However, it was once recrystallized from a mixture of alco- 
holic ether. The first product was the p-bromophenylosazone of 
p-bromophenylhydrazine glucuronate. In other words, the sub- 
stance contained 3 equivalents of pbromophenylhydrazine. The 
melting point of the substance was 157°C. and it analyzed as 
follows: 


0.1006 gm. substance: 0.1516 gm. CO, and 0.0332 gm. H,0. 


0.0971 “ “ 9.8 cc. nitrogen gas at t = 24°C. and p = 758.3. 
C2sH27OsN¢Brs. Calculated. C 41.04, H 3.69, N 11.49. 
(Mol. wt. = 731.02). Found. “ 41.00, * 3.00, “* 11.8. 


The optical rotation and the direction of mutarotation (in pyri- 
dine alcohol solution) are compared with the analogous derivative 
of glucuronic acid (prepared from saccharic acid lactone) and with 
that of glucose. 


Derivative of 3-Methyl Glucuronic Acid. 








Initial. Equilibrium. 
ee eee ee = ee 
Derivative of Glucuronic Acid. 
Initial. Equilibrium. 
las = oe fale 
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Osazone of Glucose, 





Initial. Equilibrium. 
EY AM or a= EAN 0 
Osazone of Glucose. 
Initial. Equilibrium. 
ees lela 


3-Methyl Glucose.—It was found that 3-methyl glucose could be 
prepared by hydrolyzing 3-methyl diacetone glucose with sulfuric 
acid instead of hydrochloric acid. The use of silver carbonate 
was thereby avoided. 30 gm. of 3-methyl diacetone glucose were 
hydrolyzed with 600 cc. of 50 per cent alcohol, containing 1 per 
cent sulfuric acid in boiling water for 2 hours. An equal volume 
of boiling water is then added and the acid immediately neutralized 
with freshly precipitated barium carbonate. The solution is 
filtered with the aid of a little norit and concentrated to a syrup 
under diminished pressure. The syrup is taken up in hot methyl 
alcohol and filtered. 3-methyl glucose crystallizes from the filtrate 
on cooling. The yield including the quantities recovered from 
the mother liquor is about 50 per cent of the 3-methy] diacetone 
glucose used. 


Preparation of d-4-Methyl-a-Glucohgptonic Lactone. 


20.0 gm. of methyl glucose were dissolved in 40 cc. of water. 
5 ec. of an 80 per cent solution of prussic acid and a few drops of 
ammonia were added. The solution was allowed to stand at 
room temperature for 4 days. It turned quite dark after 2 days. 
Another portion of 5 cc. of prussic acid was added and the solution 
allowed to stand 3 days. The further treatment was the usual in 
similar work. The final syrup on standing began to crystallize. 
The crystals were recrystallized from methyl alcohol and showed 
the composition of d-4-methyl glucoheptonic lactone. Its melt- 
ing point was 204°C. and it had the following composition. 


0.0996 gm. substance: 0.1570 gm. CO, and 0.0562 gm. H,0. 


CsH,,0O;7. Calculated. C 43.22, H 6.35. 
Found. “ 43.15, “ 6.34. 
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The optical rotation in water was as follows: 


Initial. Equilibrium. 
»« +0.96° X 100 ‘ 2  +0.07° X 100 
[a], = — 1x2 —_ = oa 48 la}, = ~ as m4 9 = 3.5° 


In 0.5 N NaOH and warmed to 50°C. for 2 hours. 


0 +0.14°X100_ , ~ 40 
[a]o = 1x09 ~ 7%? 

The substance was dissolved in 5 ce. of 0.4 N NaOH and kept at 
50°C. for 2 hours. It was then cooled to 0°C. and acidified with 
5 cc. of 0.6N HCI. After the initial reading the solution was kept 
at 50°C. until equilibrium was established. 








Initial. Equilibrium. 
o —0.30° X 100 x 2  -+0.06° X 100 ‘ 
lel, = x06 =~ 149° lal = “Tyex008 = +30 


Behavior of d-a-Glucoheptonic Lactone. 


This substance was prepared according to Fischer. Its melting 
point was at 148°C. and it had the following composition. 
0.1035 gm. substance: 0.1508 gm. CO, and 0.054 gm. H;0. 
C;H,,0;. Caleulated. C 40.40, H 5.74. 
Found. ** 39.73, ~ 5.86. 


The rotation of the substance in water was as follows: 


Initial. Equilibrium. 
2 —1.12° X 100 — 2 —1.00° X 100 . 
[aly = = - 580° [alg = EF = - m0 
In 0.5 n NaOH: 
2  +0.08° X 100 — 
lel, = 7 xa0 = +39 


The substance was dissolved in 5 cc. of 0.4 N NaOH and acidi- 
fied with 5 cc. of 0.6 nN HCl as previously described. 


Initial. Equilibrium. 
2 —0.18° X 100 
[e]> = - 


. 


[a]; sa: 0.88° X 100 = — 424° 


— 87 D 1 X 2.072 
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ON THE SYNTHESIS OF HYDROXY AMINES BY THE 
CURTIUS METHOD. 


By P. A. LEVENE anp J. SCHEIDEGGER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 17, 1924.) 


In connection with the work on the structure of sphingosine 
it is desirable to prepare the higher hydroxy amines. A general 
method for preparing the lower members of this series consists 
in the condensation of aldehydes with nitromethane, with sub- 
sequent reduction. The higher aldehydes are not so easily pre- 
pared as the lower ones and neither are they so readily purified. 
On the other hand, higher fatty acids can be prepared in a high 
degree of purity. For this reason it seemed desirable to test 
whether 6-hydroxy acids can be converted into 2-hydroxy amines 
by the method employed by Curtius for the preparation of amines. 
Should this synthesis be possible, then hydroxy amines with the 
hydroxyl in other positions will also be accessible by the same 
method. 

The present communication contains a report on the preparation 
of 2-hydroxypropylamine by the Curtius process. 

The starting point was acetoacetic acid which was reduced to 
8-hydroxybutyric, which was converted into the ester, and 
this into the hydrazide. The hydrazide was converted into 
2-hydroxypropylurea, which was then hydrolyzed into 2-hydroxy- 
propylamine. 


CH; CH(OH) CH, COOC,H,; —— CH; CH(OH)CH, CO NH NH; 


™ NHCH, CH(OH)CH; > 
CH, CH(OH) CH, CONC || —> 
N \NHCH, CH (OH)CH, 
NH;CH,CH(OH)CH; 


EXPERIMENTAL PART. 


Hydroxybutyric acid was prepaigd by the method of 
Wislicenus by the reduction of acetoacetic ester with sodium 
amalgam. It was converted into the ester in the usual way. 
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8-Hydroxybutyric Hydrazide-—10.0 gm. were brought to a boil 
with reflux condenser. 13.0 gm. of ethyl-8-hydroxybutyrate were 
allowed to flow in very slowly from a dropping funnel. The 
solution was then kept boiling for about 30 minutes and then 
allowed to digest for 11 hours on a hot water bath. On cooling, 
the hydrazide crystallized in long needles. It was easily filtered 
and recrystallized from a little alcohol. It melted at 119-120°C, 


0.1000 gm. substance: 20.6 ec. at N2 = 22°C. and p = 768.9 mm. 
C,H,,O2:N2. Calculated. N 23.7. 
Found. ~ 24.12. 

8-H ydroxybutyrylazide——10.0 gm. of the hydrazide were dis- 
solved in 8.7 cc. of concentrated solution of aqueous hydrogen 
chloride and transferred to a separatory funnel. To this solution 
were added 6.0 gm. of sodium nitrite in concentrated solution. A 
layer of ether was added to the solution of the hydrazide before 
the addition of the nitrite. The mixture was vigorously shaken. 
The extraction with ether was repeated several times. The 
ethereal extracts were then washed with water. The washed 
ethereal extract was taken up into 100 cc. of 50 per cent alcohol 
and allowed to remain on the water bath with reflux for about 
‘18 hours. The solution was then concentrated under diminished 
pressure to a thick syrup. The substance crystallized on standing 
in the refrigerator. It was deliquescent. For purification, the 
crystals (filtered on suction at the temperature of about +2°C.) 
were dissolved in ether. The ethereal solution was dried over 
sodium sulfate and dry ethereal solution allowed to evaporate in 
a vacuum desiccator over sulfuric acid. The residue crystallized 
when placed in a refrigerator. These crystals, however, were 
not analytically pure. For identification, it was convenient to 
convert them into the picrate. 

For this the crystals were dissolved in an alcoholic solution of 
picric acid, containing a little more than two equivalents of the 
acid, and the solution was allowed to stand in a vacuum desiccator 
overnight. Heavy prisms settled out. The substance was re- 
crystallized from water. It melted at 118-119°C. and had the 
following composition. 


0.1000 gm. substance: 16: cc. N; at ¢ = 24°C. and p = 756.5. 
Ci9H22N 8015. Calculated. N 18.61. 


(Mol. wt. 602.25) Found. “18.75 
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2-Hydroxypropylamine.—3.0 gm. of the crystalline urea de- 
rivative were taken up with 3.5 gm. of concentrated aqueous 
hydrogen chloride and heated in a sealed tube at 135°C. for 6 
hours. The reaction product was concentrated in vacuo and an 
excess of the alcoholic solution of chloroplatinic acid was added, 
The platinic salt of the base soon crystallized. It was recrystal- 
lized from methyl alcohol. The substance contracted at 205° 
and melted at 210°C. It analyzed as follows: 


0.1024 gm. substance: 0.0484 gm. CO, and 0.0346 gm. H,0. 


0.0964 “ ' 0.0357 “ Pt. 
C,His02N2PtCl,-2HCl. Calculated. C 12.85, H 3.59, Pt 34.84. 
Found. “12.88, ‘* 3.78, “ 34.95. 
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THE ISOLATION OF ARACHIDONIC ACID FROM 
BRAIN TISSUE. 


By LAURENCE G. WESSON. 


(From the Laboratory of Physiological Chemistry, the Johns Hopkins 
University, Baltimore.) 


(Received for publication, March 18, 1924.) 


Arachidonic acid, so named by Lewkowitsch,' is the tetra 
unsaturated, normal, aliphatic C2» acid, which is present in brain 
tissue, in part at least, as one of the components of the phos- 
phatides lecithin and cephalin. The present work was directed 
toward the easy isolation of this acid, free from other unsaturated 
acids, for use in further investigations. 

The obstacles in the way of a successful isolation of arachidonic 
acid by any one of the few methods? by which this unstable acid 
has previously been obtained have been the difficulty of purifying 
the phosphatides, the difficulty of separating the various saturated 
and unsaturated acids of these phosphatides from one another, 
and finally the rapidity with which arachidonic acid becomes 
oxidized and resinified on exposure to air, light, and certain sol- 
vents. These difficulties are avoided in the following method by 
saturating the acid at an early stage with bromine, purifying the 
octobromarachidic acid thus obtained, and then debrominating 
the octobrom compound whenever it is desired to obtain arachi- 
donic acid. 


Method. 


After dehydration of the ground tissue by means of acetone, it 
is thoroughly extracted in the cold with successive portions of 


1 Lewkowitsch, J., Chemical technology and analysis of oils, fats and 
waxes, London, 5th edition, 1913, i, 21. 

? Hartley, P., J. Physiol., 1909, xxxviii, 353. Levene, P. A., and Ingvald- 
sen, T., J. Biol. Chem., 1920, xliii, 359. Levene, P. A., and Simms, H. 8., 
J. Biol. Chem., 1921, xlviii, 185; 1922, li, 285. Levene, P. A., and Rolf, I. P., 
J. Biol. Chem., 1921, xlvi, 193, 353; 1922, li, 507; 1922, liv, 91, 99. 
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U. 8. P. ether. To the filtered ether extracts liquid bromine js 
added, a drop at a time, until a slight excess has been obtained, 
A white precipitate forms and slowly settles. After standing a 
few days, the supernatant liquid is removed, and the precipitate 
washed in the centrifuge with alcohol and ether until the washings 
are colorless. The precipitate is now digested at 37°C. for 24 
hours with 50 per cent alcohol, containing 5 per cent hydrogen 
chloride, or at 50°C. for 1 hour with concentrated aqueous hydro- 
chloric acid. After the digestion it is washed successively with 
water, alcohol, and ether, then dried at 100°C., and pulverized 
to pass a 200 mesh screen. 

The product is a white, or nearly white powder, which has the 
composition of the octobromide of arachidonic acid. About 3.5 
gm. are obtainable per kilo of wet brain tissue. 

To obtain the tetra unsaturated acid from this product, copper- 
coated zinc dust is first prepared in the following way.’ Ina 
flask provided with a ground glass-connected reflux condenser, a 
quantity of zine dust (30 gm.) is treated with 1 per cent hydro- 
chloric acid for a minute or two to remove the oxide from the 
surface. The zinc is allowed to settle, the dilute acid poured off, 

. and successive portions of 0.5 per cent copper sulfate solution are 
added with shaking, each time allowing the zinc to settle and 
pouring off the supernatant liquid. When the zinc dust has 
become covered with a black coating of copper, it is washed by 
decantation in turn with 95 per cent alcohol and absolute alcohol. 
This copper-coated zine dust may be used repeatedly. 

1 gm. of octobromarachidic acid and 75 cc. of absolute alcohol 
are added to the copper-coated zinc. The alcohol is gently boiled 
while a very slow stream of dry hydrochloric acid gas is bubbled 
into the liquid. At the end of 1 hour the flask is cooled, and the 
alcoholic solution is decanted through a filter into a separatory 
funnel. 5 volumes of water are added, and the arachidonic acid 
(or ethyl ester) is extracted with ether. The ether is then washed 
with an equal volume of water and distilled from the arachidonic 
acid in vacuo without the application of heat. 

In case free arachidonic acid rather than the ethyl ester is 
desired, the octobromarachidic acid is debrominated by copper- 


3 Modified from Gladstone, J. H., and Tribe, A., J. Chem. Soc., 1884, 
xlv, 154. 
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That the intermediate product described above as octobrom- 


pe arachidic acid is in reality this compound is indicated by the 
vith following facts: its elementary analysis agrees well with the 
ai calculated value (Experiment 1); its halogen content is sub- 
stantially the same when prepared under widely varying conditions 
the (Experiments 1 to 5); and when debrominated it yields arachidonic 
35 acid (Experiment 7). 
The debrominated product (arachidonic acid or ester) is a 
- colorless, or slightly yellow tinged liquid, possessing a tenacious, 
we fishy odor. The free acid, when exposed as a thin film on glass 
as to air and light for a day or so, forms a hard, resinous coating. 
ss It adds hydrogen to form arachidic acid (Experiment 7), and 
" bromine to reform octobromarachidic acid (Experiment 6). 
ff The question as to whether or not it is the same arachidonic 
* acid (or acids), present originally in combined form in the tissues, 
id cannot, of course, be answered. There may have been a shifting 
= of the double bonds caused by the operations of adding and 
wa removing bromine, or a change in the spatial relationships in the 
1 molecule. However, we have little reason to suspect that the 
product obtained by this method is different from the arachidonic 
,| acid present as glyceride in the tissues, and the technical difficulties 
F mentioned in a preceding paragraph, which have been encountered 
d in other methods of isolating arachidonic acid from the tissues, 
. are here to a large extent avoided. 
y 
EXPERIMENTAL PART. 
Experiment 1. Bromination under Anhydrous Conditions—Fresh hogs” 


brains were dried and extracted with ether as described above, and the ether 
was evaporated in vacuo. The residue in the flask was then dried by adding 
small portions of absolute alcohol and-similarly evaporating them, after 
which it was dissolved in absolute ether. The ether solution was cooled, 
and bromine, which had been dried with concentrated sulfuric acid, was 
added, a drop at a time, until the color remained for 10 minutes. After 
18 hours there was a solid, jelly-like mass in the flask, due to the compara- 
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tively small amount of ether used. Alcohol was added to facilitate centri- 
fuging, and the procedure used from this point on was like that described 
under ‘‘Method”’ with aqueous hydrochloric acid digestion. 

The thoroughly washed product was analyzed with the following results. 


0.2 gm. substance: 0.1879 gm. CO2 and 0.0595 gm. H.0. 


01 « “ 0.1604 “ AgBr. 
C2oH32Br 502. Calculated. C 25 42, H 3 39, Br 67.75. 
Found. “ 25.62, “ 3.33, “ 68.26. 


Experiment 2.  Bromination of Partially Purified Cephalin——Cephalin 
from sheeps’ brains was partially freed from lecithin by the method of 
Levene and Rolf‘ until the ratio of amino nitrogen to total nitrogen was 
75:100. This gives the cadmium chloride-cephalin compound, which was 
dried over sulfuric acid in vacuo in the dark for several days. To the 
chloroform solution of this product, a solution of bromine in chloroform was 
added in excess. After remaining in the ice box overnight, the chloroform 
was freed from bromine by an air current, and the chloroform distilled from 
the brominated compounds under reduced pressure. 

Dilute alcoholic hydrochloric acid (2 per cent HCl) was then added, and 
the mixture allowed to stand at about 35°C. for 24 hours. The washed and 
dried product contained considerable cadmium and 65.1 per cent bromine. 
The calculated value for bromine in the cadmium salt of octobromarachidic 
acid (CeoH3:BrsO2ed) is 64.0 per cent. This product, which apparently is 
mainly the cadmium salt mixed with some free octobromarachidic acid, is 
then suspended in hot water, and the cadmium precipitated by means of 
hydrogen sulfide. The mixture of octobrom acid and cadmium sulfide was 
filtered off and digested with an excess of warm 10 per cent nitric acid which 
easily dissolved the cadmium sulfide. The residue was filtered off, washed, 
dried, and analyzed. 


0.1 gm. substance: 0.1593 gm. AgBr. 
CooHs2Brs02. Calculated. Br 67.75. 
Found. ~ a. 


Experiment 3. Bromination of the Crude Phosphatide Mixture —An ether 
extract of hogs’ brain tissue was evaporated under reduced pressure to a 
small bulk, and alcohol and alcoholic cadmium chloride solution were 
added. The gummy precipitate was dried in a vacuum desiccator, dis- 
solved in chloroform, and brominated. The precipitate was then sep- 
arated, digested with alcoholic hydrochloric acid, washed, and dried as 
described above. 


0.1 gm. substance: 0.1601 gm. AgBr. 
Ce. oH32BrsO02 . Calculated. Br 67.75. 
Found. “ 68.14. 





4 Levene, P. A., and Rolf, I. P., J. Biol. Chem., 1922, liv, 93 (second 
method.) 
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Experiment 4. Bromination of the Same Product as in Experiment 8, but 
Digestion with Aqueous instead of Alcoholic Hydrochloric Acid. 


0.1 gm. substance: 0.1594 gm. AgBr. 
CooHs2BrsO2. Calculated. Br 67.75. 
Found. “ 67.84. 


Experiment 5. Bromination as Described under ‘‘ Method.’’—The aque- 
ous hydrochloric acid digestion was used. 


0.1 gm. substance: 0.1599 gm. AgBr. 
CoopHg2Br Oz. Calculated. Br 67 .75. 
Found. ** 68.06. 


Experiment 6. Rebromination of Arachidonic Acid—0.5 gm. of octo- 
bromarachidic acid was debrominated as described under ‘‘ Method,” 
except that the zinc dust was not copper-coated. The ethyl ester of the 
unsaturated acid thus formed was extracted from the diluted alcohol in the 
manner described above, and treated in a cooled, absolute ether solution 
with a slight excess of bromine. The next day, when the solution had 
remained in the ice box overnight, the precipitate was separated, washed 
once with ether, and dried. The weight of the product obtained was 0.46 


gm. 
0.1 gm. substance: 0.1564 gm. AgBr. 


CooHa BrsO02CoHs. Calculated. Br 65.84. 
Found. “ 66.56. 


Experiment 7. Hydrogenation of Arachidonic Acid—The method used 
was that of Skita and Meyer.® 0.4 gm. of arachidonic acid, prepared from 
the octobrom addition product by copper-coated zinc dust without the use 
of hydrogen chloride, was reduced by hydrogen under a pressure of about 
10 cm. of mercury, using colloidal platinum as the catalyst. The melting 
point of the crude product was 60°C. This was then crystallized once from 
acetone, and once from absolute ethyl alcohol. The melting point after the 
first crystallization was 65°C., and after the second 67°C. This partially 
purified acid was fused with an equal part of arachidic acid (melting point 
68°C.), obtained from peanut oil by the method of Schweizer. The melt- 
ing point of the mixture was 66°C., whereas admixture of an equal part 
of stearic acid, the melting point of which was 61°C., lowered the melting 


vA. 


point to 57°C. 








5 Skita, A., and Meyer, W. A., Ber. chem. Ges., 1912, xlv, 3579. 
® Schweizer, A., Arch. Pharm., 1884, xxii, 757. 
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A NOTE ON THE TECHNIQUE OF HEART PUNCTURE IN 
THE DOG. 


By E. W. SCHULTZ. 


(From the Department of Bacteriology and Experimental Pathology, Stanford 
University, California.) 


(Received for publication, March 10, 1924.) 


Although obtaining blood by heart puncture is a familiar 
procedure with smaller animals, it appears to be much less utilized 
in experiments on dogs than it would be if investigators appreci- 
ated its relative safety, convenience, and freedom from the hem- 
orrhage and thrombosis that may result from repeated entrance 
into the vessels. Heart puncture is particularly convenient 
when repeated samples of arterial blood are taken. 

If the bleeding is carried out as directed below, both the ac- 
cidents and discomforts to the animal are negligible. We have 
been using this method over a year and during that time have 
taken more than 500 samples. The fatalities have been less 
than 1 per cent on the basis of the number of samples taken. 
These occurred in the early part of our work. The samples 
were taken from 43 dogs, some of which were bled as high as 
45 times. If the entrance is properly made, little or no hem- 
orrhage will take place into the pericardial sac or into the heart 
muscle. A heart bled repeatedly usually presents nothing more 
than small depressed puncture scars, with possibly a delicate 
deposit of fibrin. The individual punctures are usually con- 
fined to an area 2 cm. in diameter. The endocardium, except 
for the pitting, is usually smooth. No thrombi were found 
in any of the hearts. The actual traumatism is less than is 
usually experienced by bleeding from the veins, especially when 
daily samples are procured. 

The animal is anesthetized or is held by an attendant, if anes- 
thesia is contraindicated by the nature of the experiment. An 
area of about 4 inches in diameter overlying the apex of the 
189 
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heart is shaved and painted with iodine. A carefully sharpened 
18 gauge, 3 inch, Luer needle which has been boiled, is now 
attached to a syringe of suitable size. The needle is quickly 
forced through the skin and intercostal space. The point 
at which entrance to the thorax is made is important. The 
needle should enter a little below the apex of the heart, 
so that by making an angle of about 30° with the syringe 
and chest wall and pushing the needle forward, the apex of 
the left ventricle will be entered. This point is approximately 
where the axillary line crosses the fifth intercostal space. If 
the needle is gently pushed forward the impact with the heart 
is easily detected. Suction is then made as the needle continues 
forward. It should not be introduced further than is necessary 
to obtain the blood. This is done to avoid injury of the endo- 
cardium and heart muscle opposite the free point of the needle. 
Very little suction is necessary if the needle has been properly 
introduced. Indeed, the plunger may be forced up a short 
distance by the blood pressure. The object of entering the 
heart at the apex is to avoid hemorrhage from the larger coronary 
vessels and death from hemopericardium. 
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THE THERMODYNAMIC RELATIONS OF THE OXYGEN- 
AND BASE-COMBINING PROPERTIES OF BLOOD. 


By WILLIAM C. STADIE anp KIRBY A. MARTIN. 


(From the Department of Internal Medicine of Yale University and the Medical 
Service of the New Haven Hospital, New Haven.) 


(Received for publication, March 21, 1924.) 


In this paper the effect of temperature upon the oxygen disso- 
ciation curve of whole blood and its acid-base properties will 
be reported and an attempt will be made to explain these changes 
on a thermodynamical basis. 


THEORETICAL. 


The physicochemical status of whole blood coming within the 
purview of this paper includes the following facts or hypotheses 
which, on the basis of data already in the literature, are accepted 
with or without reservation. 

1. The combination of oxygen with hemoglobin in whole blood 
is at least empirically predicted on the basis of Hill’s (1910) well 
known formula. Slightly modified this is 


[HbO.], 


See (1 — [HbO,],) [0.)" 


re 


(1) 





The above equation is derived from the mass action law on the 
assumption that the mechanism of the oxidation of hemoglobin in 
whole blood is represented by the equation 


(Hb). + n(O2) = (HbO:), 


ao.Po, 
—2z)C ee Cc 
[« 2c | | ues | E | 


At equilibrium K’po is the oxygen dissociation constant of hemoglo- 
bin; [HbO.], is the concentration of the oxyhemoglobin; 1- 
[HbO.], is the concentration of reduced hemoglobin; and [0O,] 
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is the concentration of O, at equilibrium which at any one tempera- 
ture may be expressed as partial pressure. ‘‘n’’ isa positive whole 
number or fraction which for pure hemoglobin in the absence of 
salts is 1; and in the presence of salts varies from 1.5 to 3.5. For 
whole blood it is 2.5 + 0.3. 


By mass action we employ concentrations as indicated above. 


[xC] x 


K’o = a = 
ao.Po, |" ao.Po, |" 
1—2x)C —— 1-3; — 
[ r) | 760 | ( | 760 | 


Where C is the concentration of hemoglobin, z is the fraction of saturation 
with oxygen, ao, is the solubility of O, in the system at ¢°C., and Po, is the 
partial pressure Of oxygen. r 

As ordinarily calculated in terms of partial pressure instead of concen- 
tration of oxygen the oxygen dissociation constant has a different value. 





(2) 


zx 


Ko = ——~— 
“oO * = 2)PR, 


(3) 
This is the usual form of Hill’s equation. 

Since the mass action law requires the active masses to be expressed in 
terms of concentration the correct equilibrium constant should be so cal- 
culated. So long, however, as we are working at one temperature it is of 
little significance which method of calculation is used since only the order 
of magnitude of the equilibrium constant will be changed by either choice. 

However, it is obvious that at different temperatures the partial pres- 
sures are not comparable and hence the equilibrium constants must be 
expressed in concentration terms since it is the active mass in solution with 
which the hemoglobin is in equilibrium. It is perhaps more convenient 
to retain Ko in terms of partial pressure since when necessary it may be 
easily converted to K’o, the equilibrium constant in concentration terms. 
It is obvious from equations (2) and (3) that 





Ko 
K’o= = 
’ ao,Po, \" 
760 
or 
1 ao,Po, 
eg = weg 2080: 
og Ko og Ko +n oe 760 ) (4) 


The values of this conversion factor at 15 and 38°C. are given in Table I. 
The difference in constants as calculated by the two methods corre- 
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sponds to a heat of reaction of 6,700 cals. or 2,800 cals. per mol of oxygen 
which is obviously the molecular heat of solution of oxygen. 

This follows because for Ko the equilibrium occurs between gaseous 
oxygen and hemoglobin in solution and thus the heat effect of the solution 
of O. is included. For K’o the equilibrium is between oxygen in solution 
and hemoglobin in solution so that the heat of solution of oxygen is not 
included. The calculation is made by substituting the value of the con- 
version factors into the van’t Hoff isochore. 


b 


No rigid explanation of the significance of “n’’ has been given. 
It has been called by Barcroft (1914) and Brown and Hill (1923) 
the “degree of aggregation” of hemoglobin. The addition of 











TABLE I, 
- . , " 
Factor to Convert log=— in Partial Pressure Terms to Concentration Terms 
Oo 
for Whole Blood. 
n= 2.4 
| 650a,,,, Corresponding 
t 650a,, * kg — difference in heat 
2 760 reaction 
cals, 
15 31.22 —3.325 
6,700 
38 21.84 —3.700 











* Van Slyke’s (1922) value of 0. 65 for the relative solubility of gases in 
red blood cells 1,000 X 0.65 a 0, = cc. of O2 dissolved per liter of red blood 
cells. 


salts to pure hemoglobin requires the introduction of values of 
“n” greater than 1 into Hill’s formula in order that the calculated 
oxygen dissociation curve may fit the observed. In other words, 
there is an apparent change in the order of reaction. It is difficult 
to see why the aggregation of one reactant should necessarily 
change the order of reaction. In reactions involving substances 
such as water, benzoic acid, etc., which vary markedly in degree 
of aggregation under varying conditions no change in the order 
of their reactions is observed under these varying conditions. 

2. Further, it is assumed that (1) ‘‘n’’ is constant for any one 
blood over a wide range of pH, and (2) is independent of the oxygen 
tension (degree of saturation). These two assumptions are here 
tentatively accepted. 
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+ 

For the first it is difficult to see why H should be free of the aggregating 
power exerted by metallic ions. For the second there is a strong suspicion 
hinted by Henderson (1920) that ‘‘n’’ varies with the degree of saturation 
(and therefore oxygen concentration) at constant pH. At any rate there 
is reason to believe that the explanation implied by ‘‘n’’ in Hill’s equation 
does not clear up the chemical mechanism of the combination of oxygen 
and hemoglobin in the presence of salts. In this connection it might be 
mentioned that Wilson (1923) found the osmotic pressure of pure hemo- 


globin increased fourfold with the H concentration and, further, Camis 


+ 
(1922) reports changes in degree of aggregation produced byH. More 
significant are the findings of Hartridge and Roughton (1923) who studied 
the velocity of reduction of oxyhemoglobin. They found that for both 
dialyzed hemoglobin and in the presence of salts the reaction is a mono- 
molecular one. Apparently, then, from this direct observation salts do 
not change the order of reaction of oxygen with hemoglobin. 

On the other hand, Brown and Hill (1923) have recently attempted to 
substantiate equation (2) on thermodynamical grounds as representing the 
true mechanism of the oxidation of hemoglobin. 

Brown and Hill' have sought to determine ‘‘n’’ independently of all 
assumptions. “If blood be exposed to a gas mixture containing a given 
concentration of oxygen at a temperature 7',, and a sample taken having a 
degree of saturation y:, and then the same (or similar blood) be exposed 
to the same gas mixture at constant volume at another temperature 7:, 
and another sample taken given a degree of saturation y2, we may write 

ee Ke te Kx" 
(1 — ™) (1 — y:) 
From these we may eliminate x and n completely by division, so obtaining 








Ky —_ (1 — y1) 


K; ys (1—%) 








k : 

From ic we may now calculate Q, the heat of absorption of oxygen per one 
mol (Hb), of hemoglobin with n mols of O2.”” From independent direct 
measurements of the heat of oxidation per mol of orygen q is obtained. It 


: : Qo : 
is evident that n = —~. Hill found 


q 
n= 2 ~ 2804013 
qd 
It must be pointed out, however, that ‘‘n’’ is here assumed to be constant 
for one oxygen pressure and no more. The conclusion then has no more 
validity than this: that at constant oxygen concentration the active masses 
of hemoglobin and oxyhemoglobin are different from the apparent active 


masses in the ratio 


’ 





1 Brown and Hill (1923), p. 312. 
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(HbO:) 2.8! (HbO.) _ 
i— (Hb0.) ° ¥i— Gop 





Two difficulties still remain in Hill’s theory of the combination of oxygen 
by hemoglobin in whole blood: (1) the change of the order of reaction by 
the introduction of salts, and (2) the independence of the affinity of oxygen 
at constant Cy of the amount of oxygen combined. 


3. Increase of acidity of whole blood causes a diminution in the 
value of Ko; 7.e., the affinity of oxygen for hemoglobin is less. 
Quantitatively the effect has been expressed by the relation 


1 
l A 
6 log Ko 


——— ] = constant 
é pH /, 


This equation rests at present solely upon the experimental results 
of Barcroft (1914), Donegan and Parsons (1919), and others. 
1 

They found that the values of log Ko plotted against pH over 
narrow ranges of pH (approximately 7.0 to 8.0) gave straight 
lines. These were called by Hasselbalch, ‘“Peters-Barcroft”’ 
lines or more simply “‘P-B” lines. The thermodynamic deriva- 
tion of the relation between Ko and pH will be given later. 

4. The effect of temperature upon Ko is inverse; 7.e., at a 
lower temperature the affinity of oxygen for hemoglobin is greater. 
Quantitatively, the validity of van’t Hoff’s isochore for whole 
blood is accepted and the relation 

(= In Ko ) _ Qo 
‘i? J. 
which in the integrated form, employing 10 base logs, is 

log KO - 90(7 = 7" 

SK’ «4.6 TT’ 

where Qo is the heat of absorption of oxygen by blood per mol 
of “aggregated”? hemoglobin, gives the variation of Ko with 
temperature at constant pH. 

The validity of this assumption rests upon the agreement 
between Qo thermodynamically calculated from the equilibrium 
constants and directly determined by Barcroft and Hill (1910) 
and Brown and Hill (1923). 
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Note carefully that Q, as above defined is the heat of ab- 
sorption of oxygen by blood (or hemoglobin solution) per 1 mol 
of “aggregated” hemoglobin and should be distinguished from 
the molecular heat of oxidation of hemoglobin per se which is 
an entirely different quantity. 

The former included the latter and many other heat effects 
besides. Further, it is well to indicate here that 1 mol of hemo- 
globin (Hb),, in Hill’s sense is “‘n”’ mols in the ordinary termin- 
ology. Wherever any confusion might arise in this paper 
the distinction will be pointed out by using the term “aggregated.” 

5. The hemoglobin molecule combines chemically with a maxi- 
mum of 1 molecule of oxygen. Disregarding for the moment the 
question of aggregation or polymerization the reaction 


Hb + O, = HbO, 


represents a true chemical reversible reaction as distinguished from 
“adsorption.” ; 

The basis for this assumption rests mainly upon (1) Peters’ 
(1912) observations that the relation of iron to oxygen in oxyhemo- 
globin is always exactly 1 atom to 2 and (2) the well known 
Specificity of the absorption spectra for reduced oxy- and carbon 
monoxide hemoglobin.? (3) More significant is the fact that 
the maximum combination of oxygen with hemoglobin by weight 
is 0.0019 gm. of O. per gram of hemoglobin or 32 gm. of O, per 17,000 
gm. of hemoglobin. Similarly, carbon monoxide combines in the 
ratio of 28 gm. of CO per 17,000 gm. of hemoglobin. These ratios 
hold for many different species of hemoglobin. Osmotic pressure 
determination of pure hemoglobin gives a molecular weight of 
approximately 17,000 so that the combination of O2 and CO with 
hemoglobin is a 1:1 molecular ratio. Now an adsorption process 
may have an asymptotic limit but only mere chance could fix this 
limit at a 1:1 molecular ratio. The probability that two dissimi- 
lar gases could by chance have in an adsorption process the same 
molecular limiting ratio is too remote for consideration. 

6. In addition to binding oxygen hemoglobin binds base and 
functions over physiological ranges of pH as a polybasic acid, 
containing an indeterminate number of acid groups. Van Slyke 


* See discussion in Nature (Nature, 1923, cxi, 496 and following). 











~~ se ~~ FF 


iol 











W. C. Stadie and K. A. Martin 197 


(1922) has shown that the minimum number of acid groups in the 
polybasic acid hemoglobin active over 1 unit of pH is about 5. 
Consideration of Fig. 1 shows that the actual number is probably 
more than the minimum and as outside limits gives 7 to 15. Over 
a pH range of 6.5 to 7.5 at 38°C. the pk’ values of these groups 
vary from 7.7 to 8.9. In the limiting case these pk’ values 
would be about equally spaced so that (approximately) 


pk’; _ pk’. — pk’. - pk’; Mee ece <0.1 


7. The total base at any pH bound by reduced hemoglobin is the 
sum of the base bound to each radical; 7.e., 


BR (total) = Bin + BoR+ Bar..... 


8. There is strong presumptive evidence that hemoglobin binds 
oxygen only at one portion of the molecular; viz., the hematin por- 
tion. The reaction isintimately concerned with an iron atom and 
a carboxyl (or other acid) group. By virtue of the introduc- 
tion of electronegative oxygen in close proximity to one acid radi- 
cal the ionization of this “oxylabile” radical as an acid is increased. 
The degree of increase is, as calculated from the data of Haldane, 
Doisy, Van Slyke, and others, 


ho 
— = 20+ 10 
ky 

where k, and k, is the ionization constant of the acid radical in 
question in the oxidized and reduced form, respectively. As 
before, the base bound by oxyhemoglobin is the summation of 
the base bound to each radical or 


Bo (tal) = Bo) — Bir) + Bok + Bsn +. « . 


In other words, oxyhemoglobin combines at constant pH with 
(B1~)—Byg)) more base than reduced hemoglobin. 

The assumption that one and only one of the acid radicals of 
reduced hemoglobin has its ionization constant changed upon 
oxidation has been tacitly made by Henderson (1920) and Hill 
(1923) without rigorous proof. As a corollary to Section 5 above it 
is a natural and conceivable hypothesis that if but 1 molecule of 
oxygen combines with 1 molecule of hemoglobin its sphere of in- 








By grt tts! 


a 


67 (oes Rigen 


198 Thermodynamic Relations of Blood 


fluence would be limited. In the hematin portion of the molecule 
this influence might be so limited as to affect one acid group alone, 
That the introduction of oxygen close to a carboxyl does increase 
the ionization of the acid group is well known; e.g., the change of 
propionic to lactic acid (as cited by Parsons) gives 

Ktactic = 10 


Kk propionic 


The proof of this assumption can be furnished in two ways. 
(1) By calculating Bio) — Byp) and checking the calculated 
values with the observed. (2) By calculating the values of 
Ko on the basis of the assumption and comparing with observed 
Ko. Both types of proof are presented in this paper. 

Van Slyke*® has unpublished data at 38°C., in addition to his 
published data of 1923, on the value of Bp — Br over a wide range 
of pH in proof of this assumption. 

9. The total titration curve of reduced whole blood, BHb 
plotted against pH or BHCO; against pH, is a straight line; 


1.6., 
6 BHI 
( 5 =) = constant = BRC 





Where £ is the molecular buffer of reduced hemoglobin and 
C = concentration. #, is 3.0 + 0.5 mols of base. 

The basis for Sections 6, 7, 8, and 9 rests upon the early work 
of Hasselbalch and Lundsgaard (1912); Christiansen, Douglas, 
and Haldane (1914); Parsons (1920); Henderson (1920); and more 
recently that of Van Slyke (1922). Further corroboration is 
given in this paper. i 

10. For oxyhemoglobin the total titration curve is concave to 
the pH coordinate and the expression 


5 BHbO, 5 (Bw) — Bury) 
= 6 
( 6 pH ) anc+-( 6 pH he @ 








represents the relation between base bound and pH. 
Fig. 1 is a schematic illustration of the statements made under 
Sections 7 to 10. The ordinates are mols of base bound by hemo- 


3 Personal communication. 
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Fic. 1. The titration curves of polybasic hemoglobin-acid in whole blood at $8 and 15°C. The 
heavy curved lines are the titration curves of the strongest and the weakest acid groups 
effective at 38°C. between pH 6.5 to 7.5. Between these two about sixteen acid groups of 
intermediate strength function. The total base bound by these sixteen acid groups at any 
given pH gives the titration curve of reduced hemoglobin at 38°C. Oxygenation increases the 
strength of one acid group so that its titration curve is moved toward the left. The total base 
bound by this group plus the remaining unaffected groups give the titration curve of oxyhemo- 
globin which is concave toward the abscisse. Decrease in temperature decreases the ionization 
of all the acid groups of hemoglobin-acid. This results in a displacement of all the curves to the 
alkaline side. A similar diagram is shown for the acid groups and whole blood at 15°C. The 
experimental points are shown as dots and circles. 
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globin; the abscisse pH. At pH 6.5 (approximately the isoelec- 
tric point at 38°C.) no base is bound. If ‘whole reduced blood 
be titrated at 38°C. the titration curve will be a straight line the 
slope of which is 8, = 2.8 or the mols of base taken up by a mol 
of hemoglobin over a pH change of 1 unit. Since hemoglobin is 
a polybasic acid we may draw the titration curves of the individual 
acid groups. The first of these is represented by a heavy line. 
Now it is evident from the titration curve that a weak acid com- 
bines with practically no base at a pH 1.2 units on the acid side of 
its pk’. It follows that the strongest acid in hemoglobin active 
at pH 6.5 has a pk’ of 6.5 + 1.2 = 7.7. Similarly, at pH 7.5 
no acid group weaker than pk’ = 8.7 can bind appreciable base, 
In other words, the acid groups effective between pH 6.5 to 7.5 
have pk’ values between 7.7 and 8.7. Since from the curve the 
strongest binds only 0.4 mol of base at pH 7.5 and the others bind 
less it may be readily seen that for one limit, if about sixteen acid 
groups whose pk’ values are equally spaced are assumed to func- 
tion between these limits, approximately 2.8 mols of base will be 
bound by them at pH 7.5. This, of course, is 8, the amount bound 
by whole reduced blood over 1 pH unit. At all points between 
6.5 to 7.5 the locus of the sums of the bases bound by the sixteen 
acid groups will form a straight line which is the total titration 
curve of whole blood. That the pk’ values of these acid groups are 
approximately equally spaced follows because of the straightness 
of the whole blood titration curve. As the contrasting limit we 
may conceive of seven acid groups whose pk’ values are the same, 
7.e. 7.7, in which case the total titration curve would be an elon- 
gated single titration curve with a double curvature, which would 
sufficiently deviate from straightness to be experimentally detected. 

This description is by no means intended to represent the exact 
condition of the acid groups in hemoglobin but rather to give the 
approximate conceivable limits. Thus it may be said that there 
are from seven to sixteen acid groups in hemoglobin active over 1 
pH unit. . The pk’ values of these groups vary from identity to 
each other to values increasing by approximately equal increments 
which approach 0.1 in value. Since the titration curve of reduced 
hemoglobin is a straight line over a considerable pH range the 
later condition is. probably nearer the real one. 
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When oxygen combines with hemoglobin one acid group increases 
its ionization. In consequence the titration curve of this ‘‘oxy- 
labile’ group is shifted 1.2 units toward the acid side since log 
k, : : , . 
- 1.2 (approximately). Oxyhemoglobin then combines with 

Tr 
more base at any given pH by an amount 
ABo - R = Bie) — Big) 


‘The titration curve of oxidized whole blood is then drawn by 
adding to the curve for reduced blood these increments of base. 
As shown it becomes a curve concave to the abscissa. 

11. The dissociation constants of the acid radical of hemoglobin 
change with temperature proportionately to the heat of ioniza- 
tion. The validity of the van’t Hoff isochore is assumed so that 


d In Kacid, Qacid 


aT ~—s RT? @) 


represents the change of any k ,,;, of hemoglobin with temperature. 


+ 
@ acig iS the heat of ionization per equivalent of H. The change 
of dissociation constant for all the acid radicals with temperature 
is approximately the same. 

Proof of these assumptions is offered here for the first time. 

12. The dissociation constant of carbonic acid changes in blood 
with temperature according to the same relation. 

13. In blood the two acids chiefly concerned in the acid-base 
equilibrium are carbonic and hemoglobin-acid. All base shift with 
varying pH at any temperature may be assumed for most of the 
purposes of this paper to involve changes in these two acids. 

14. The base chiefly concerned in the acid-base shift is sodium. 
For the purpose of this paper all others are neglected. 

15. The isoelectric point of reduced hemoglobin is about pH 
6.8 at 20°C. At this point by definition it combines with minimum 
base. For hemoglobin this is practically zero. 


EXPERIMENTAL, 


The blood used was the whole blood of W. C. 8. and was drawn 
usually in the morning, using as little stasis as possible. It was 
oxalated with neutral potassium oxalate to 0.2 per cent and kept in 
a tube immersed in ice-water until used. 
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For saturation in tonometers under known conditions the 
method known as the “‘first saturation method” of Austin et al 
(1922) was used. One or more saturations were done at 15 + 0.1° 
or 38 + 0.1° according to the nature of the experiment. The 
analyses of the gas phase were done using the Haldane-Henderson 
gas apparatus. 

The blood was transferred to mercury receivers and analyzed, 
with precautions to prevent loss or gain of gases. 

The blood gases (CO. and O2) were determined in duplicate on 
the Van Slyke constant volume blood gas apparatus. 

The pH values of the plasma at 15°C. were determined, using 
Cullen’s (1922) colorimetric method. The readings were done 
with both diluted plasma and standards at 15°C. Inasmuch as 
the empirical correction for the colorimetric method has not been 
determined at 15°C. the results are reported as read + 0.04, which 
correction was obtained from Cullen’s data by extrapolation. The 
pH values at 38°C. are calculated, using a cénstant pK, of 6.15. 


DISCUSSION. 


Part I. Thermodynamic Relations of the Base-Binding Properties 
. of the Blood. 


1. Determination of the Change of pKy.co, for Whole Blood 
dpKx,.co; 
dT 
stant of carbonic acid is known to change with temperature in 
aqueous solutions. This change has been measured accurately 
by conductivity measurements and from these measurements the 
heat of ionization of H2CO; has been calculated from the relation 





with Temperature, .—The value of the dissociation con- 


d In kH:COs _ (H:CO: 
dT RT? 





to be —2,800 cals. (Landolt-Bérnstein). The order of this change 
in whole blood was determined in Experiment 1, from determina- 
tions of the value of pK; at 15°C. The average value obtained 
was 6.27 + 0.05. 

This value of pK; practically agrees with that of Warburg (1922) 
determined at 18°C. who used a hydrogen electrode. Together 
with Warburg’s and Hasselbalch’s (1911) results it is apparent that 
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the pK, of carbonic acid in whole blood is greater at 15°C. than 
at 38°C. and of the order of magnitude which would be calculated 
from the heat of ionization using pK, = 6.15 at 38°C. which latter . 
value is well established by Cullen (1922) and others. 

The assumption then that the van’t Hoff isochore gives the 
variation of k’y,co, with temperature in whole blood is justified. 
In all subsequent calculations a pK, of 6.30 for whole blood at 15° 


is used. ‘These values are calculated from the values at 3 
pK; = 6.15 for whole blood using —2,800 cals. as the h 
ionization of carbonic acid. 


The use of a constant pK, for whole blood at 15 and 38° over a ra % of 
pH of about 1 unit and at varying degrees of saturation is warranted 
because the results reported here are comparative. Factors changing p 
at one temperature would likewise change it in the same direction at the 
other temperature. There is no reason to believe that variations in the 
magnitude of these changes at different temperature and at any pH would 
alter the general conclusions. 





The authors realize that the use of an extrapolated correction 
of + 0.04 pH from Cullen’s data on the colorimetric pH at 20°C. 
to 15°C. is uncertain. It has been used in lieu of other data. Any 
future determinations at 15°C., if anything, would tend to dimin- 
ish this correction so that the pK, value at 15°C. found here would 
be less. This would result in a calculated heat of ionization of 
carbonic acid less than —2,800 cals. There is no a priori reason 
for believing that the heat of ionization in blood would be differ- 
ent from that in aqueous solutions. 

In fact the heat calculated from the equilibrium constant repre- 
sents the change of free energy of the reaction 


+ - 
H,CO; = H + HCO; 


when the reaction goes completely from left to right. This must 
be the same regardless of where or how the reaction is brought 
about. If the heat so calculated for blood from the experimental 
data does not agree with the heat as measured in aqueous solu- 
tions, the inevitable conclusion reached is that the dissociation of 
carbonic acid in blood is different from that in water. The weight 
of evidence is against this last hypothesis. Therefore, the agree- 
ment of the value found here with that of Warburg and Hassel- 
balch and the agreement of the heat of ionization of H:COs caleu- 
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lated for blood from these data with that found by Walker and Cor- 
mack (1900) for aqueous solutions of carbonic acid make these 
- values close approximations to the real ones. 

A criticism offered by Professors J. H. Austin and G. E. Cullen, 
of the Department of Research Medicine, University of Pennsyl- 
vania, who reviewed this paper in the manuscript form must be 
discussed here. While they do not object to the validity of the 
van’t Hoff isochore for carbonic acid in blood they rightly main- 
tain that the agreement of the heats of ionization in blood and in 
water obtained by E. M. F. measurements is, quite aside from 
matters of technique, not a rigid proof. This arises because the 
hydrogen ion concentration determined by the hydrogen electrode 
at any temperature is not the true hydrogen ion concentration, 
but rather the square root of the activation product of the refer- 


os 
ence substance. To make this clear, if the reference H standard 
be 0.1 molar HCl, ©. M. F. measurements at any given temperature 
give the activity of HCI; 2.e., 





@HCl = Vay * acl 


ne 
We can only make this equal to H by assuming a = aq. 
ae 
This, of course, is unwarranted since the activities of H, the hydro- 
gen ion, and chlorine ion are known to be unequal. So long as we 
are working at one temperature this is of little consequence, but 
in changing to another temperature a further difficulty arises since, 
although we know the change of activity of HCl with temperature, 
we do not know the change of activity of the individual ions. 
There is reason to believe that the rate of temperature change is 
different for the two ions. At the second temperature as before 
we are compelled to make the same assumption and we compare 
at the two temperatures, not hydrogen ion concentrations but 
square roots of activation products. We cannot escape this 
dilemma until the activity of the individual ions is measurable. 
The rigorous proof of the validity of the van’t Hoff isochore for 


H,CO; in blood (as well as in water) must wait upon this. We’ 


can accept it for the present on pure thermodynamic grounds with 
the assurance. that its use will necessitate no future violent changes 
in the general conclusions reached. 
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If the pK, for carbonic acid at 15°C. used here be subsequently 
found to be too high the heat of ionization of hemoglobin calculated 
in the following section would be too high. However, these con- 
siderations would in no wise affect the method of treatment of the 
subject employed here nor the general conclusions reached. 

2. Calculation of the Heat of Ionization of Hemoglobin-Acid per 


Equivalent of H .—In Fig. 1 are drawn the titration curves of all 
the acid groups of the weak polybasic acid-reduced hemoglobin (of 
which there are at least sixteen effective at pH 6.5 to 7.5) at 38°C. 
The total titration curve of these acids will be the sum of the indi- 
vidual curves and will be the titration curve of blood. This is 
represented by a line drawn through the experimental points. 
For any one acid group at any pH we may put for its fraction of the 
total base bound 


kee 
B.Hb = = Ct (8) 


kee + Hy 





If the temperature be lowered to 15°C. the titration curves of all 
the acid groups will be shifted to the acid or alkaline side according 
as the acid becomes weaker or stronger; 7.e., according as the heat 
of ionization is positive or negative. If the heat of ionization be 
the same for all groups the shift of each will be the same. This in 
the light of Meyerhof’s (1922) results on the heat of ionization of 
various protein acids is a probable assumption. The total titra- 
tion curve of the blood will be likewise shifted. In Fig. 1 it is 


BA 


k’ 

+=>z, 

If C is the total concentration of free and combined acid 
HA =C—BA 

so that 





- 
H C-—BA 


or 


k’ 
BA = ZC 


k’+H 





* This equation is derived from Henderson’s equation. 











206 Thermodynamic Relations of Blood 


represented by a line drawn through the experimental points. k’,, 
has changed to ¢ k’,., where by van’t Hoff’s isochore in exponen- 
tial form 


Qac( T's weed T2) 
g=—=e ARNT; (8 a) 


, 

t 
7 
k t’ 


~~ 


Jac being the heat of ionization of the acid group. As before 
for the one particular acid group in question the base bound is 


k' ae 
B,HB = ——“— (9) 
Qk’ ae + Hy 
Equating (8) and (9) and solving for log g we have 
log ¢ = pH, — pHy (10) 


from which it follows that for a polybasic acid the horizontal 
shift of the total titration curve to the acid or alkaline side fora 
given change of temperature is proportional to the change of the 
ionization constant and hence the heat of ionization. Equations 
(8 a) and (10) allow us to calculate q,., the heat of ionization of 
hemoglobin-acid per equivalent of hydrogen, from Fig. 1 which 
gives the shift of the total titration curve of reduced hemoglobin 
‘in whole blood and hence the shift of each acid radical. The data 
and calculated heat of ionization are shown in Table II. This 
value is in complete accord with the directly determined heats of 
ionization of protein acids (—11,000 to —13,000 cals.) determined 
by Meyerhof. As a corollary the assumption that the heats of 
ionization of all the acid radicals in hemoglobin active over pH 6.5 
to 8 (approximately) are identical is verified. For if one or more 
acid radicals should change disproportionately to the others, the 
titration curve of whole blood at 15°C. could not be of the same 
form as at 38°C.; 7.e., a straight line. 


The points plotted in Fig. 1 are obtained from Experiments 1 and 2 
and were calculated as follows: 

The mols of base bound to the hemoglobin were calculated by assuming 
that total available base of whole blood to be equivalent to 95.0 volumes 
per cent of CO.. From this value, the amount of NaHCO; found and the 
oxygen capacity, the mols of base bound to the hemoglobin are readily 
calculated. 

95 — NaHCO; 


———————— = Mols of base bound to 1 mol of hemoglobin. 
oxygen capacity 
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- Since the bloods were at varying degrees of saturation with oxygen the 
values were corrected to complete reduction, using the A Bo-R (Fig. 2) values 


& determined separately in Experiment 3. The base bound by reduced blood 
is given in the last column of the table for Experiments 1 and 2. 

The propriety of assuming a constant amount of available base is war- 

3 a) ranted by two considerations: (1) the known relative constancy of the 

available base in the blood of normal individuals, and (2) the fact that the 


same conclusions are reached if the experimental points are plotted as 
~ BHCO; — pH without assumption as to base. The exposition of concen- 
tration in molar terms rather than volumes per cent is clearer and more 


(9) general. 
3. Effect of Temperature on the Buffer Value of the Whole Blood. 
Change of pH of Maximum Buffer with Temperature.—The molecu- 
0) lar buffer 6, of any acid is 
al o k’ H 
1e k’a +H 
. As Van Slyke (1922) has shown this has a maximum value when 
of x s e 
h its first differential 


(v.41)! 





épH F\s 


nD ? ) 
+ , 
: (ee) = (2.3)? H; (i che 
t° 








of 
+ 
d is zero the condition for which is fulfilled when H = k’,. Similarly, 
f at any other temperature ¢’ 
5 
e + 
88 _ogeit, (Hex) 
: (a), 2) wade Seam 3 
° k'g + Hy) 
. . + 
: 6, is maximum when Hy = ¢ k’, 
‘ q(T’—T) 
As before g = - =e RIT 
t 
) For any single acid radical we have at the point of maximum 
| buffer 
at ¢° 


+ 
H; = k’e 





f 
& 
it 
"4 
r 
* 


208 Thermodynamic Relations of Blood 


and at ¢° 

de 

Hy = gk’. 
From which by division 

oo 

Hy 

779 

H; 
or in logarithmic notation 

pH; — pH’ = log ¢ (11) 
TABLE II. 


Calculation of the Heat of Ionization of Hemoglobin-Acid from the Total 
Titration Curves of Whole Blood at 38 and 15°C. 





| Heat of ionization 

















of one acid 
t BHb | pH log ¢ radical of 

hemoglobin. 
°C. mols cals, 
38 2.0 7.21 

0.56 — 10,000 
15 20 | 7.7 
TABLE III. 


Shift of pH of Maximum Buffer per 1.0°C. at 38°C. for Any Acid Radical 
with a Negative Heat of Ionization. 








ApH 
Gac Example. ¢ Ts... 
of maximum buffer. 
cals, 
—13,000 Amino acids. 1.07 —0.0292 
—10,000 Hemoglobin-acid. 1.05 —0.0224 
— 2,800 Carbonic acid. , 1.01 —0.0063 














Table III shows the change of pH of maximum buffer per 1°C. 
for acids with varying heats of ionization calculated from equa- 
tion (11). 

The two acids of importance as buffers in the blood are carbonic 
acid and hemoglobin. The heat of ionization of carbonic acid is 
— 2,800 cals. and that of hemoglobin is —10,000 cals. It is evident 
that a rise in temperature has an appreciable effect on their buffer 
properties. This will be discussed later. 








_ 


i? 2] 


oa o 











W. C. Stadie and K. A. Martin 209 


4. Change of Total Buffer with Temperature.—A consideration of 
Fig. 8 of Van Slyke’s (1922) paper will make it clear that a 
shift of each buffer curve to the right or left will have no influence 
on the total buffer. Moreover, if we express the total molecular 
buffer of hemoglobin as 


1, dB 23 
Pu = dpH CG? ((0 [Ha] + [Baz] [Has] + . ‘ 
‘it is at once evident that since the expression is free of kg,, ka,.... its 
value is independent of temperature and dependent only on the 
concentration of the buffer. | 
The conclusion is reached that for reduced hemoglobin 


Bu = constant 
at varying temperature. Experimentally this may be shown from 
Fig. 1. The slope of the reduced curve gives the molecular buffer. 
The results are shown in Table IV. 
TABLE IV. 


Constancy of Molecular Buffer of Whole Blood of Hemoglobin at Varying 
Temperature. 








t By 
. eG Pee mole 
15 ‘2.80 


38 2.80 





5. Variation of the Excess of Base Bound by Oxyhemoglobin over 
Reduced Hemoglobin ABo_pr with Temperature——The increased 
base bound by completely or partially oxidized hemoglobin over 
completely reduced hemoglobin at constant pH is due to the increase 
of ionization of one acid radical whose pk’ is changed from pk’, to 
pk’,. 

For any given blood or hemoglobin solution at a temperature t 
let C = concentration of total hemoglobin which may be expressed 
in volumes per cent of oxygen, grams, or mols. 

(Ab) pn = excess of base bound by the blood at any given frac- 
tion, x of oxygen saturation over the base bound when completely 
reduced. The pH is constant. BHbO, = mol fraction of the 
total oxidized “‘oxylabile’’ hemoglobin-acid group present as salt, 
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BHb = mol fraction of the total reduced “oxylabile”’ hemoglobin- 
acid group present as salt. 
Then it is apparent that 
(xCBHbO: + (1 — z) BHbC) 
is the amount of base bound to the “oxylabile” group when the 
blood is partially saturated and 
(CBHb) 
is the amount of base bound by this acid group in the completely 
reduced state. At once we obtain 
(Ab)pu = zCBHbO, + (1 —x) BHbC — CBHb 
= C (BHbO, — BHb)z 


k's, k's 
=C —~-——“ zk (13) 
vetH kn +H 


If C = 1 mol and z = 1 (complete saturation) equation (13) may 
be put in the form 





k’, k’, 
(ABo-r)pH = —“= - — (13) 


+ 
VetH k'n +H 





where (ABo-p)pu is the molecular increase of base bound at 
constant pH when 1 mol of hemoglobin combines with 1 mol of 
oxygen. Quite evidently it is a constant dependent only on the 
nature of the hemoglobin, the hydrogen ion concentration, and 


the temperature. 
Differentiating equation (13) with respect to x we have 


5Ab f Be k'v 
(2) -0(t ot 
pH ko + H Kt + H 


= constant 


Van Slyke, Hastings, and Neill (1922) have shown the constancy 





5Ab 
of =) for various degrees of saturation in horse blood and 
pt 


hemoglobin solutions.‘ 


to correspond to (Ab)px as here 


‘Van Slyke used the expression = 
2 
defined. This he found to be a linear function of the percentage saturation. 
. ; ; I ‘ . 5Ab 
Strictly speaking the expression () or what is the same thing (= 
5O:/ px 62 / pa 
ould be reserved for the rate of change of Ab with x. This is a constant. 
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For any other temperature ?¢’ similarly 
ABo-R = [(BHbO,), — (BHb),’] 





k’ ke’ 
ik PK ot =- 4 oa (14) 
gkh'a +H ok’n +H 
where as before 
Qac(T1 wee T:) 
ea ka , RTT, 
Kee! 


The nature of the ABp_R curve and the effect of temperature upon 
it is best shown in a general equation. 
For simplicity denote the ratio of the dissociation constants of the 
oxylabile acid group by ¢; 7.e., 
k's 
= 15 
k’, € ( ) 


or in logarithmic form since log = = pk 








pk’, — pk’, = loge (16) 
Then 
k’, 
7 (e —1) 
-R = 17) 
ABo-R na om E . (17 
H H * 
for another temperature 
k’, 
= €-0 
ABo-R = (18) 


ok’ 1) (ek 
€ +1) (S +e) 


From these equations the general curves of AB o.g in terms of 
mols of base per mol of hemoglobin, pH expressed as pH — pk’, are 
shown in Fig. 2. 

All these curves show the following general characteristics. 

(1) Each curve is symmetrical and has two limbs asymptotic 
to a line, the zero ordinate. This zero ordinate is, of course, the 
titration curve of whole reduced blood and is represented by the 
equation 


Br = BR (pH — pl) C (19) 
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where 8g is the molecular buffer of reduced hemoglobin, pI the 
(or practically) isoelectric point of reduced hemoglobin, and C 
= the concentration of hemoglobin 

(2) Each curve has a maximum which occurs at that point (pH 
— pk’) where the first derivative of equation (17) is 0; i.e., 


ogy Gea +) [Cats +) +a) 








— k’, \ (ee : — 
Gi + HS 
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B’.\s 
This occurs when ( ) =m ¢ 








H 
or 
pH = 3[pk’, + pk’,] (20) 
(3) At this point the absolute value of this maximum is found by 
su bstituting 
Re — . 
a” Ve in equation (17) 
Pau Ve (c= 1) 
me We +1) Wet) 
ve -1 
= — (21) 
Ve +1 


which is independent of temperature. 
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ke 
(4) Increase ine = 7 results in an increase of the maximum 
r 


ABo-r and an increase in the pH — pk, range over which this 
buffer mechanism is effective. 

(5) A lowering in temperature causes a shift of the curves 
towards the alkaline side. For two homologous curves at two 
temperatures the point of intersection is where 


(ABo-R): = (ABo-R):’ 





so that 
i’. Oke 
nt! H (e— 1) 
b’, k' eke 
(+) G++) (G+) (G4) 
from which 
3) aed 
H ¢ 
or 


pH =3 [pk’, + pk’, — log ¢] (22) 


From these equations pk., pk,, and also qac, the heat of ionization 
of this one acid group of hemoglobin, could be determined without 
assumption as to the other acid groups. 

In Table V from Experiment 3 these data obtained at 15 and 
38°C. for reduced and oxygenated blood are presented. By calcu- 
lation from equations (17) and (18) pk’, is 6.50 and pk’, is 7.80 at 
38°C. From these constants the ABp_p curves at 38 and 15°C. 
are plotted in Fig. 3. 


From the above it is readily seen that in the presence of NaHCO; the 
amount of CO, liberated at constant pH when by the oxidation of the blood 
it is made a stronger acid is dependent upon the relative values of k,, k., and 


> 

H and is itself variable. The same thing would be true and the same 
relations as above could be deduced no matter what the basicity of the acid 
in question. The conclusion of Hill (1923) (unsupported by experiment) 
that at constant CO, tension the amount of CO, driven off from the blood by 


oxidation is constant and equal to B of the oxygen capacity is erroneous. 


This discrepancy arises by virtue of Hill’s assumption that the acid radical 
whose ionization is increased by oxidation has the form H(Hb), and 
H(HbO;),. This leads to the conclusion that the dissociation of H (HbO:), 
according to the scheme 


H(HbO;), = H* + (HbO:)~» 
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results since this acid is as strong as H,COs, always in the evolution of CO, 
1 = 
equal to 7 of the oxygen taken up. This is untenable for several 
n 


reasons: (1) The value of A Bo-p is not constant as has been shown here 
theoretically and experimentally. This had previously been shown ex- 
perimentally by Van Slyke, Hastings, and Neill’ who also found that the 
ABo-R values for horse blood were practically the same in whole blood and 
dialyzed hemoglobin over a wide range of pH. It is difficult to see why 
dialysis, which is known to produce great changes in the form of the 
oxygen dissociation curve and hence presumably according to the aggre- 
gation hypothesis, great changes in ‘‘n,’’ would be completely ineffective 
in altering a molecule of the form H(HbO:),. If it were altered the values 


of en in dialyzed hemoglobin would be markedly increased over the 


values in whole blood. 





Mois 





0.0 
68 10 1.2 T4 7.6 1.8 8.0 82 


pH 
Fia. 3. A Bo-R curves at 38 and 15°C., from Table V. 


6. Variation of the Isoelectric Point of Hemoglobin with Tempera- 
dpl fea 
ture om or an amphoteric electrolyte the isoelectric point 


is 





5 Personal communication. 
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from which. 
pI - $ (pk’ acta + pk’.0 eal Pk tase) (23) 
Differentiating with respect to T 








dpl ia } d(pk’acia) + d(pk’x.0) vs d(pk’sase) 
dT dT dT dT 

2 

= RT? (qacia + QH20 — qbase) (23 a) 
since 
din k’ 
2 ca = = se 
RT’ ar ac qH:0 Qba 


the respective heats of ionization. 
Upon integration of equation (23 a) we have in 10 base logs 


—(T —T”") 


53° O RT 7” Macit + G0 — ease) (24) 


pl — pI’ = ApI = 
which gives the approximate relation of the change of isoelectric 
point of hemoglobin (or other protein) to the temperature. 

7. Calculation of the Heat of Ionization of Hemoglobin as Base per 
Equivalent OH~.—Practically, as Levine (1923) has shown, for a 
weak polybasic acid of the nature of hemoglobin the isoelectric 
point is a function of the minimum pkKacig and pkiase. Equation 
(24), then, may be used to calculate the heat of ionization of the 
basic radicals of hemoglobin from the shift of the isoelectric point 
with temperature, if as for the acid radicals we assume identical 
heats of ionization for the basic radicals. We tentatively assume 
that the heat of ionization of the basic radicals is of the same order 
of magnitude as that of the acid radicals, since Meyerhof (1922) 
has shown this for other protein. We calculate from equation 
(24) that ApI from 38-20° is — 0.28 pH. This is in complete 
accord with the experimental data quoted by Warburg (1922)® 
who gives the shift of the isoelectric point from 38° to room tem- 
perature as — 0.3. From this agreement we conclude that the 
heat of ionization of hemoglobin as a base is of the same order or 
magnitude as that acid; viz., —11,000 to —13,000 cals. 


* Warburg (1922), p. 298. 
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8. Effect of Oxygenation on the Basic Properties of Hemoglobin. 
Calculation of ApI of Oxy- and Reduced Hemoglobin.—Of all 
inorganic and organic compounds known, hemoglobin is unique in 
that it is capable of combining with oxygen in all proportions up to 
a definite stoichiometric limit and of establishing equilibria with 
oxygen at variable fractions of this limit. Added to this is the 
peculiar property through which by virtue of oxidation it increases 
on the alkaline side of the isoelectric point the base-binding 
properties of one moiety of the molecule thereby becoming an un- 
usually effective buffer in a system constantly subjected to acid- 
base shifts. 

It is conceivable since hemoglobin is an ampholyte that oxida- 
tion might increase the acid-binding properties below the isoelec- 
tric point. That the acid-base lability is confined to the acid por- 
tion of hemoglobin is rendered highly probable by the following. 
From equation (23) we obtain for reduced hemoglobin at constant 
temperature 


pl) = } [pk’acia *) + Pk’H:0 — Pk’ base (r)] 
and for oxyhemoglobin 
pl (o) = $ [pk’acia (0) + Pk’H.O — Pk’sase (o)] 
From which by subtraction 
pl () — pl) = Aplo-r = } (Apk’ cia — Apk’sase) (25) 


From this equation it is manifest that if oxidation of hemoglobin 
changed the basic dissociation of one basic radical as much as it 
does the acid dissociation of the one “‘oxylabile”’ acid radical, there 
would be no shift of pI on oxidation. It is known, however, that 
it is shifted and from the values of 


ko 
log = pk, — pk, = Apkaeia = 1.0 


we would expect a shift of 0.5-in pI upon oxidation of hemoglobin. 
In point of fact the value found experimentally is somewhat lower. 
But the remaining acid groups not affected by oxidation would 
tend partially to nullify this change in pI produced by oxidation. 
We would expect the actual ApI to be less than calculated. The 
fact that it changes at all is strongly in favor of the hypothesis 
that there is no increase in the basic ionization of hemoglobin 











cor 
is a 
hy] 


Hei 
pne 
the 
41° 


CO, 








W. C. Stadie and K. A. Martin 





217 


corresponding to the acidic increase upon oxidation. The evidence 
is as yet too inconclusive to warrant more than a statement of the 
hypotheses which is now being tested in this laboratory. 

9. Significance of Change of the Buff er Curves of Carbonic Acid and 
Hemoglobin in Fever.—A rise of 3°C. in infectious diseases such as 
pneumonia is by no means rare. A consideration of Fig. 4 shows 
the significance of these changes on the acid-base equilibrium. At 
41°C. the total titration curve of hemoglobin plotted in terms of 
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Fig. 4. Effect of fever on the CO, absorption curve. 


pku,.co; = 6.15 


“co, 
—— = 0.0672 
760 


TA 


7.0 


BHCO; is parallel to the curve at 38°C. But from Table II there 
is a shift of 0.0224 pH per 1°C. or about 0.09 pH to the acid side. 
At 38°C. 


For a normal individual we may say for illustration that for the 





point “A” of arterial blood we have 
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H.CO; + BHCO; 
pH 
CO, tension 


40 vol. per cent 
7.37 
36 mm. 


If the available base (alkaline reserve) be unchanged we would 
have if the blood carried the same load of carbonic acid (BHCO, 
“te H.COs) at # = 41°C. 


when 
pkx.co; = 6.13 
and 
CO: 
—— = 0.0626 
760 


at the point A’ 


H.CO; + BHCO; = 40 vol. per cent 
pH = 7.28 
CO, tension = 45 mm. 


If, however, the pH remained the same then at 41°C. for the 
point A” 

H,.CO; + BHCO; 

pH 

CO, tension 


37 vol. per cent 
7.37 
34 mm. 


In other words, without any change in the total alkali reserve 
fever results if uncompensated by increased H:CO; excretion 
(respiratory compensation) in an increase of the acidity of the 
blood and an elevation of the CO, tension (alveolar CO.). For 
maintenance of constant pH the lungs must compensate by extra 
excretion of CO, (dyspnea) to a point 3 to 4 volumes below the 
normal in total CO, and 2 to 3 mm. of Hg below for alveolar CO,. 

A subject immersed in a hot bath has fever with a minimum of 
complicating factors. In heat dyspnea Haggard (1920) found 
that a subject immersed in a hot bath and having a temperature of 
106—107°F. has a lowering of the bicarbonate of the blood, lower- 
ing of the alveolar COz, and an increased Cy, all quite in accord 
with the above theoretical predictions. Incidently it is evident 
that a lowering of the BHCO; of blood or plasma in fever is by no 
means an indication of the diminution of the total available base 
at elevated temperatures unless this diminution is in excess of 3 
to 4 volumes per cent. 
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In disease accompanied by fever many complicating factors 
come into play, making conclusions more difficult. There is 
sufficient evidence, however, to show that in pneumonia there is a 
general tendency toward changes in the direction indicated above. 
For example, the work of Hastings and Binger (1923) shows that 
in pneumonia there is slight but definite decrease in arterial pH 
and CO, tension, while the work of Means, Boothby, Peabody 
(1912), and others shows that the bicarbonate in the blood and 
alveolar CO, is low.” 

10. Correction of Arterial pH Points in Fever—The pH of the 
arterial blood of patients is frequently determined by plotting the 
CO, absorption curve at 38°C. and from the known arterial CO, 
content reading off the arterial pH on CO.-pH diagram. When 
the subject has a higher temperature than 38°C. a correction must 
be made as is evident from the above discussion. 

The shift of the CO, absorption curve at 38°C. is (Table III) 
ry = — 0.022 pH per 1°C. which is the cor- 
rect factor to be employed; 7.e., 





ApH = log ¢ = 


pH; = pPHss — 0.022 (¢ — 38) 


An example will make this clear. The patient’s whole blood 
CO.-pH curve at 38° has been determined from two (or one, 
Peters, Bulger, and Eisenman, 1924) points. Arterial blood has 
32.0 volumes per cent CO. This gives pH 7.50 at 38°C. 
Patient’s temperature = 41. 


Corrected pH at 41°C. 7.50 — 0.022 X 3 = 7.43 


Part II. Thermodynamic Relations of the Oxygen-Binding Properties 
of Whole Blood. 
1. Thermodynamic Derivation of the Relation of Ko to k's, k’,, 


+ 
and H.—It may be shown thermodynamically without assump- 
tion as to the kinetics of the reaction 


(Hb), +O, — (Hb0,), 
that Ko, the oxygen dissociation constant, is a function of k’>, 
k’,, and H. The basic assumption made is that oxygen combines 


7 It is by no means intended to assert that in fever in disease the above 
mechanism is the sole or even the chief factor in these changes. 
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with hemoglobin at one place only within the molecule at, or in 
close proximity to, an acid radical whose ionization is thereby 
increased. The weight of chemical evidence definitely warrants 
this assumption. 

On general thermodynamic grounds the following is true. If the 
combination of oxygen with this oxylabile acid group increases its 
ienization (i.e. increases at any pH its salt) in the ratio 


¥, 
k’, 


then the affinity of oxygen for the ion (and likewise for the salt) 
is increased in the same ratio; 7.e., 


at ges (26) 
K, k’, 

and 
Kean = Kion 


where K,, K., K; are the oxygen equilibrium (or dissociation) 
constants for the salt, acid, and ionic form of hemoglobin, 
respectively. 

If this were not true there is at present no conceivable physical- 
chemical explanation for the variation of the affinity of oxygen for 
hemoglobin with changing i. This general principle allows us to 
equate the affinity of oxygen for hemoglobin in terms of the acid 
group involved. 

The free energy change of any true chemical reversible reaction 
is given by the van’t Hoff isotherm 


— AF = log K — =» log C (27) 
where K is the equilibrium constant of the reaction concerned and 
=v log C is the summation of the logs of the concentrations of 
the resultants over the concentration of the reactants raised to 
required powers. For the reaction 

(Hb), + nO. —_ (HbO:), 
we have if the reaction goes completely from left to right 


(HbO,) 
—AF= <, — RT log ———- 
RT log K RT log (Hb) (O” 











W. C. Stadie and K. A. Martin 


nD Since 
y (HbO), = 1 mol 
8 (Hb) = 1 mol 
(Oz) = 1 mol 
we have 
— AF = log Ky (28) 


where as before Ko is Hill’s oxygen dissociation constant. 

Consider the reaction as occurring at constant pH between salt 
of reduced hemoglobin and acid of reduced hemoglobin producing 
salt and acid of oxyhemoglobin according to the equation 

(HHb), + (BHb), + 0; — (HHbO:), + (BHbO:), 

The “‘oxylabile” acid group only is concerned, the rest of the 
molecule remains unaltered. 

From the van’t Hoff isotherm, substituting for ZyC the con- 
centration of the resultants over the reactants, we write 








k’. H 
’ . oo 
kn +H ke, +H 





— AF = RT logK’, — RT log 








+ : * (29) 
k’, H 
+)- + J | & 
K’,+H K’, +H 


From equations (28) and (29) since (O.) = 1 


+ 
(ke + H)? 





Ko = Ka 
(kp + H)? 


where K, is the absolute oxygen affinity or equilibrium constant of 


+ 
hemoglobin independent of H. 





* k’ 
ki H = concentration of salt 
oe 
1 k’ H : 
ms ”, ++ = = = concentration of acid 
H k’,+H 
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This expression is derived independently of any-assumptions 
regarding the kinetics of the reaction, the form of the molecule, or 
the value of “‘n.’”’ It will be shown to be consistent with our experi- 


_ 
mental knowledge of the dependence of Kop on H as well as k’, 
and k’,. Equation (30) may be transformed into a general form as 
before at constant temperature 


k’, 
a e; log € = pk’, — pk’, 


20 





at) 
sz 
? 2 
CY.) 
0A 
00 
20 16 “12 0B -04 0 04 +08 12 416 +20 
pH 0s pH-pit, 
Fria. 5. General P—B lines showing the effect of varying 57° =€. 
r 
then 
b 2 
—-+1 
log Ko = log Ka + log , 7 pase (31) 
( 7 +e ) 


From equation (31) we may construct “general” P-B lines. 
These general P-B lines (Fig. 5) have the following properties: 
(1) On the acid side they are asymptotic to a limiting value of 


Ae which is the log of the equilibrium constant, K,, of hemo- 
A 
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TABLE V. 
ABo-—Rr at 15 and 38°C. on Whole Blood. 
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t | Oxygen capacity.| ACO:r—o pH 4Bo-R 
| 
| 

~~. | vols. per cent vols. per cent 

15 a aa 92 | 7.9 

15 |. Mae a) iid oh! es 

38 | 19.0 | 10.5 7.25 

38 | 19.0 | 8.0 7.66 

See Fig. 3. 
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Fig. 6. CO:z absorption curves of W. C. S. at 38 and 15°C. at approxi- 
mately half saturation. 
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globin-acid and oxygen. (2) On the alkaline side the limiting 
asymptote is the log of the equilibrium constants K, or K; of 
hemoglobin salt or ion and oxygen. (3) The intermediate portion 
of the curve has a double curvature. Throughout the range of 
pH — pk, (+ 0.5 to 1.5, which at 38° corresponds to pH 7 to 8) 
usually studied the curve is practically a straight line. The de- 
parture from straightness over this range is less than the present 
analytical method could detect so that the current conception that 
the P-B lines are straight holds only for this range of pH. (4) 
At constant temperature of pH log Ko is dependent on fixed con- 
stants of hemoglobin. 
TABLE VI. 
Comparison of Calculated and Observed Ko at 15 and 33°C. 
ko = 10~*5 ky = 1077°8 




















| a Ko (observed) 
K, Ko observed. K. (aloulated)" 
pH k’n +H\? 
(cH) 
Caleuleted. 15°C. 38°C. 15°C, 38°C. 
x10 105 
7.0 13.1 158 120 12.1 9.2 
7.2, 23.5 250 219 10.7 9.3 
ee 41.4 380 398 9.2 9.6 
7.6 71.0 575 708 8.1 10.0 
7.8 110.0 912 1,260 8.3 11.5 
8.0 161.0 1,410 2,290 8.7 14.2 











The relation given in equation (30) may be tested experimentally 

: ; K 

(from Experiments 4 and 5) by comparing the values of 4 

A 

calculated from it with observed values at 15 and 38°C. given in 

Fig. 6. The comparison is given in Table VI. The values of k’, 

and k’, used are those calculated from Experiment 2. Since the 

scales of the calculated and observed constants differ it is neces- 

sary to compare their ratios which are given in the last column. 
For each temperature the constancy is satisfactory. 


Recently, two other relations of Ko in terms of k’,, k’,, and ii 
have appeared in the literature. The first is by Henderson (1920) 
and in the terminology of the present paper is 


8 Henderson (1920), p. 414. 
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oe 
, 
Ko = constant ne 
(k’,)* + k’,H 


The method of derivation of this expression is not given. 
The second is derived by Hill (1923) from the kinetics of the 


reactions. 
H(Hb), + xO; — H(HbO;), 
B(Hb)., “ nOz =< B(HbO:), 


This involves an unwarranted assumption concerning the form 
of the hemoglobin molecule which has been previously discussed. 
The relation in the symbols used here is 


+ 
k'o+ it | 


nal 





Ko = constant 


which is somewhat similar to the expression derived here. 

In order to compare these three expressions with experiment use 
is made of Barcroft’s (1914) data given Ko at varying Cy. 

Table VII shows Ko calculated from each expression compared 
as before by the ratios of the calculated Ko to the observed Ko 
for Barcroft’s blood at 37°C. 

It is evident that the first two expressions for Ko give calculated 
values which are widely divergent from the experimental values. 
On the other hand, the expression derived here thermodynamically 
gives values of Ko and which agree practically with those obtained 
on the blood of Barcroft at 37° and for the blood of W. C. S: at 
15 and 38°C. 

2. Alterations of P-B Lines in Disease.—Equation (31) 
shows that log Ko is dependent only upon fixed constants for 
hemoglobin and relative hydrogen ion concentrations. Therefore, 
only two conditions in disease can bring about alterations in the 
slope or position of the P-B lines; viz., (1) changes in tempera- 
ture of the blood producing relative changes in k’, and k’, or (2) 
absolute changes in the constants pk’, and pk’, produced by 
changes in the nature of hemoglobin. Since Ko values are usually 
obtained in vitro at 38° regardless of the patient’s temperature the 
first condition is of no significance. The latter is extremely un- 
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likely, and in point of fact studies on the P-B lines in disease have 
given on the whole negative results in so far as any consistent 
changes in position and slope are concerned although variations 
from individual to individual have been observed. It is easy to 
see also from the above why the addition of lactic acid to whole 
blood as reported by Donegan and ‘Parsons (1920) produced no 
change in the P-B line. Similarly, for hemoglobin in equilibrium 


TABLE VII. 
Comparison of the Henderson, Hill, and Thermodynamic Relation of Ko to 
ed 
- k,, and H with Experimental Kg Values of Barcroft’s Blood. 
ko = 1076.5 kp = 10778 
































Ko (Henderson) = Ky (Hill) = Ko= 
k’, +H’ k', +H k'o +H*\2 
Slascerm) | SUSn) | SG) 
Cc ~ 

ft). i= = i> as 
x 108 Oteerved HE He 7/3 

: a 
se] 3 | de] 2 | 46 
3 ag 3 aE 4 els 
2 ° 2 = 2 r 
8 | Mi | 8 | fhe | 3 | he 
1 131.0 834 15.6 12.7 10.3 161.0 8.1 
2. 79.0 588 13.3 9.45 8.4 89.5 8.8 
3 50.5 500 10.2 7.71 6.5 58.0 8.7 
+ 36.1 456 7.9 6.44 5.6 41.1 8.7 
5 27.6 427 6.4 5.61 4.9 31.4 8.8 
6 21.9 408 5.4 5.00 4.4 25.0 8.8 
7 18.0 395 4.5 4.53 4.0 20.6 8.7 
8 14.9 384 3.8 4.16 3.6 17.4 8.6 
9 12.5 378 3.3 3.87 3.2 14.9 8.4 

Ratio of change over about 
> ere 4.7 3.2 0 

















with CO Barcroft and Murray (1922) found that HCl and CO, had 
precisely-the same effect on the values of: Kco. 

8. Relation between Heat of Oxidation of Hemoglobin in Whole 
Blood at Constant pH and Constant CO, Tension.—The heat of 
oxidation of whole blood is thermodynamically calculated from 


5 In K 
the relation (“w) 2 In this paper the values of 
pH 


~ ~RIT® 


Ko at two temperatures have all been compared at the same pH. 
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It is obvious that since pH has such a marked influence on Ko 
that this isohydric comparison is essential and moreover is self- 
: . 5 In Ko 
evident since (“a 
stant. Barcroft, Hill, and others have failed to appreciate this 
point and have compared Ko values at constant CO, tension.°® 
The relation between the CO, tensions at any two temperatures 
required to yield the same pH for whole blood may be derived from 
the Hasselbalch equation and a knowledge of the ratio NaHCO; 
concentration at constant pH for the two temperatures. 
Thus for a temperature ¢, 


) is a partial differential with pH con- 
pH 


N a) 
pH = pKi =. log Rae 

760 PCO: 

and for ?’, 

NaH P 
pH = pK’, + log oe Coll 

). _ 

760 PCO: 


For the same pH 


PCO: [NaHCO] a’ 10 
p’'co. [NaHCO,]’ a a 





For the blood of W. C. 8.(Fig. 6) the ratio of [NaHCO,|’ at 15 


and 38°C. between pH 7.6 and 7.2 is 1.7 to 2.3. 
Therefore 


Pco:; 15 


0.56 
pe i 1.7 to 23X 7X 10+ 63-615 . 13 to 1.8 





* Hill compares the Ko values at 38° at 40 mm. of CO2 with Ky values at 
lower temperatures (say 15°C.) at CO: tensions which at 38° would equal 


275 + 15 = 37 mm. of COx. 


40 mm., in other words 40 X O75 BS 





eg 6.*5 


heginty. 20 Sipe A. 


a 
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TABLE VIII. 


Ratio of Poy, at 16 and 38°C. to Give Same pH for Average Whole Blood. 











t | pH NaHCO; CO: ~~ 
pss 
. | vols. per cent mm, 
15 7.6 59 24 1.8 
38 | 7.6 25 13 
15 7.2 84 87 
38 | 7.2 50 66 1.3 











An example will make this clear. From Fig. 6, Experiments 4 and 
5, we obtain the following. 

The difference in the heat of oxidation of whole blood at constant 
CO, tension and constant pH may be calculated from the CO, 
absorption curves and the P-B lines shown in Figs. 6 and 7. 

In Fig. 6 we have plotted the 40 mm. CO, point on both absorp- 
tion curves since this is usually selected as the CO, tension for 
equilibrium. From the two charts the following data are collected. 


Difference in the Heat of Absorption of O2 by Whole Blood per n Mols of 
Hemoglobin, Qo, when Calculated from Ko at Constant CO, Tension and 
Ko at Constant pH. 




















| 1 
4 Q Q 
t CO: | pH log Ky at 40 =. CO: at pH 7.42 
°C, am cals, cals. 
15 40* 7.45 2.38 
19,500 17,100 
38 40 7.34 3.48 
38 7.45 3.34 | 





*Hill’s choice of 37 mm. of CO: pressure at 15°C. would increase Qo by 
500 cals. 


By this method of calculation the value of Qo is found in com- 
plete accord with the results of Barcroft, Hill, and others who have 
determined directly and from the equilibrium constants a value of 
19,000 to 20,000 cals. At constant pH = 7.4 Qo is 17,100. 
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SUMMARY AND CONCLUSIONS. 


1. A résumé of the main facts concerning the oxygen and base- 
binding power of the whole blood is given with especial reference 
to the effect of temperature on these properties. 





3.6 Ne 


a 





















































1.6 
10 TA 7.6 


pH 
Fia. 7. P—B lines of W. C.S. at 38 and 15°C. 


2. The value of pKy,co, determined for whole blood at 15°C. 
shows that the van’t Hoff isochore 


dinK 4q 


dT RT? 
where q is the heat of ionization and K the equilibrium constant, 
holds for H2CO; in whole blood. The value of the heat of ioniza- 
tion of H:CO; in whole blood thus calculated is practically the 
same as in aqueous solutions. 
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3. The heat of ionization of hemoglobin-acid per equivalent of 


i was calculated thermodynamically by means of the van’t 
Hoff isochore from the shift of the BHb-pH line of whole blood 
from 38 to 15°. The value obtained — 10,000 cals. is in agreement 
with the directly determined heats of ionization of other proteins. 
The validity of the van’t Hoff isochore for hemoglobin-acid in 
whole blood is thus established. 

4. The heats of ionization of all the acid radicals of hemoglobin 
are practically the same. This follows because BHb-pH lines 
for whole blood are straight lines at both 15 and 38°C. and parallel. 

5. The effect of temperature on the buffer value of whole blood 
is discussed. The molecular buffer of hemoglobin is theoretically 
independent of temperature. Experimentally it was found to be 

By = 15°C. = 2.8 mols. 
= 38°C. =2.8 “ 

6. The excess of base bound by oxyhemoglobin (ABo-R)px 
over reduced hemoglobin is shown to be 


oe 
at (e—1) 


M, bk’. 
(x + :) (z + :) 


Curves were drawn from this expression which show the effect of 





(ABo-R): = 





+ 
ko, ky, H, and t upon ABop_p. A method calculating k,, k,, and 
acid 
dT 
of W. C. S. pk, and pk, were calculated to be 6.50 and 7.80 
at 38°C.; i.e., 





from the above expression was indicated. For the blood 


So es 
ties 

7. The relation of the shift of the isoelectric point of a protein 
with temperature to the heats of ionization of water and of the 
protein as acid and base is 


—(T-T") 


=.= ——— ( 
Apl = 533 RTT’ 


Qacid + QH:0 — Qbase! 


From this the heat of ionization of hemoglobin as base was calcu- 
lated from the shift of the isoelectric point with temperature and 
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was found to be of about the same order of magnitude as the 
acid. 

8. The relation between the isoelectric point of oxy- and reduced 
hemoglobin in terms of the change of the acid and basic dissocia- 
tion constants upon oxidation is given as 


ApI o-r = $ (Apkacia — Apkease) 


From the known valuesof ApIo9-~, and ApKacia it was concluded that 
oxidation probably had no effect upon the basic properties of hemo- 
globin in contrast to its marked influence on the acid nature. 

9. The magnitude of the heat of ionization of hemoglobin as an 
acid indicates that a small change in temperature produces a large 
change in the strength of hemoglobin as an acid. 

10. The significance of the temperature effect on the base- and 
oxygen-binding properties of blood is discussed in relation to fever. 
The theoretical predictions are found to be consistent with the 
experimental data. 

11. The correction factor for arterial pH of patients with fever 
when determined from the CO, absorption curve at 38°C. is shown 
to be —0.022 pH per 1°C. 

12. On the assumption that O, binds itself to hemoglobin in one 
place only and thereby increases the acidic properties of only one 
acid radical a theoretical relation for Hill’s oxygen dissociation 
constant for hemoglobin 


+\ 2 
ke+H 
Ko = =r Ka 
, + 


was deduced thermodynamically from van’t Hoff’s isotherm. It 
was shown that this relation is in accord with the experimental Ko 
values at 38°C. and 15°C. The same assumption was found to be 
consistent with the ABp_p values found at 38 and 15°C. at vary- 
ing pH. 

13. From the above relation a general expression for log Ko 
was deduced. General “‘P-B” lines are drawn and their proper- 
ties discussed. These lines have a double curvature and are 
straight over only a short pH range. The effect of disease on the 
P-B lines was discussed. 

14. The relation between the heat of absorption of oxygen by 
blood at constant pH and at constant CO, tension was shown. At 
about pH 7.4 the heat at constant CO, tension is 3,000 cals. greater 
than at constant pH. 
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Experiment 1. 


Determination of pKy.co; for whole blood at 15°C. + 0.1 

Determination of BHb — pH line for whole reduced blood at 15°C. 

Venous blood was equilibrated with varying tension of CO: and varying 
oxygen saturations. Blood and gas phase separated and analyzed. pH of 
plasma read with both standards and diluted plasma at 15°C. 0.04 added to 
observed readings. 

Dissolved H:CO; = ee Poo 
pK, at 15° on whole blood. 


a. Determination of pK, at 15°C. for Whole Blood. 
b. Determination of BHb-pH Line for Whole Reduced Blood at 15°C. 















































4 % | 3 ae 
: = 3 Fa s 
2 | 3 4 | gi hls 
, & 3 s « = k. s ise} =f i 6 
sis |931|/8 18 |3/8)]8 | & |e ie 
a..¥ per cent} mm. | 0 a a. mols | mole 
1 18.3 73 36.6 | 69.5 | 7.46 | 7.56 | 6.40 65.0 | 1.64 | 1.21 
2 19.5 | 100 35.7 | 67.7 | 7.45 | 7.24 |(6.09)t| 63.3 | 1.63 | 1.07 
3 18.9 40 /|101.2 | 97.8 | 7.12 | 7.12 | 6.30 88.8 | 0.33 | 0.13 
18.9 52 24.1 | 60.4} 8.09 | 7.97 | 6.18 53.0 | 2.22 | 1.97 
18.9 51 6.9 | 37.0 | 7.93 | 7.87 | 6.24 36.0 | 3.12 | 2.83 
4 19.9 61 {144.2 |108.4 | 6.93 | 7.01 | 6.38 | 90.7 | 0.23 | 0.0 
19.9 60 57.6 | 79.7 | 7.31 | 7.25 | 6.24 72.6 | 1.13 | 0.79 
19.9 45 8.9 | 43.6 | 7.90 | 7.94 | 6.34 | 42.5 | 2.64] 1.89 
5 20.0*| 100 87.4 | 89.8 | 7.17 | 7.11 | 6.24 78.1 | 0.85 | 0.34 
20.0 | 100 33.2 | 66.2 | 7.48 | 7.43 | 6.25 62.1 | 1.65 | 1.05 
20.0 | 100 19.0 | 53.5 | 7.64 | 7.55 | 6.21 51.2 | 2.19 | 1.59 
20.0 | 100 10.5 | 41.5 | 7.81 | 7.67 | 6.16 40.2 | 2.74 | 2.20 
6 J 20.0 80 111.2 | 97.8 | 7.09 | 7.09 | 6.30 84.2 | 0.54 | 0.15 
20.0} 83 | 48.6 | 70.4 | 7.40 | 7.39 | 6.29 | 64.1] 1.55 | 1.07 
20.0} 88 11.9 | 44.3 | 7.77 | 7.72 | 6.25 | 43.8 | 2.56 | 1.99 
A tinea cab kitcin hd cabveeetacs saa ebar 6.27 + 0.055 





* Assumed. 
t Excluded from mean. 
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Experiment 2. 
Determination of BHb-pH Line for Whole Reduced Blood at 38°C. 
Oxygen| getu- | CO: | Total H cal- | _BHb | (BHD), 
No. Date. cutie. tension. Coe BHCOs Pulated. oy mel a 
1923 ‘> per cent| mm, a....¥ 5... # mols mols 
1 Apr. 23 | 20.6 52 96.1 | 62.0 | 55.5 7.09 1.92 1.60 
2 20.6; 49 | 39.8 | 49.2 | 41.5 | 7.34 | 2.60 | 2.38 
3 20.6} 51 6.9 | 17.8] 17.3 | 7.72 | 3.78 | 3.55 
4 July 20 | 19.6 | 80 | 43.0} 40.7 | 37.8 | 7.46 | 2.93 | 2.51 
5 19.6 49 30.0 | 41.3 | 39.3 7.44 2.84 2.49 
6 19.6} 25 | 31.0} 46.0 | 43.9 | 7.46 | 2.61 | 2.48 
7 Aug. 7 | 20.0 | 100 | 94.1 | 59.84 53.4 | 7.08 | 2.08 | 1.48 
8 “ 8} 20.0} 100 | 12.5 | 25.0 | 24.1 | 7.61 | 3.54 | 3.06 
9 May 14 18.3 | 100 | 43.6 | 46.7 | 43.8 | 7.33 | 2.80 | 2.23 
10 “« 4] 20.4] 100 | 38.1 | 48.8 | 41.2 | 7.36 | 2.64 | 2.10 
ll Apr. 24 | 20.6 | 100 52.0 | 47.6 | 44.1 7.25 2.47 1.89 
Experiment 3. 
Determination of A Bo-r at 15 and 38°C. 
Whole blood. 
No. t CO: eal Pp! a 
Oz CO: NaHCO; 
a mm vols, per cent | vols. per cent | vols, per cent 
1R 15 80.0 0.0 91.0 81.2 7.22 
1 0, 15 76.3 19.0 81.4 72.1 7.20 
2R 15 17.9 0.0 58.0 55.8 7.71 
2 O2 15 16.9 19.0 42.2 47.1 7.66 
3R 38 59.9 0.0 54.0 50.0 7.26 
3 O2 38 47.3 19.0 42.7 39.5 7.25 
4R 38 13.0 0.0 30.7 29.8 7.68 
40. 38 11.0 19.0 24.7 23.9 7.63 
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Experiment 4. 
1 
Determination of log Ke (n = 2.89) at Varying pH at15°C. June 21, 1923. 
0 


Venous blood of W. C. 8. 0.2 per cent oxalated. Equilibrated at 15 + 
0.1°C. Blood and gas phase separated and analyzed. 





Oxygen. CO: 
No. calcu- 


log 
Capacity. | Tension.| Content. | a Tension. | Content. lated. os 








a. mm. Hg A..F per cent | mm. Hg eis 
1 19.93 | 17.6} 12.08} 60.6 | 144.2 | 108.4 7.01 | 2.79 
2 19.93 | 15.4] 13.48 | 67.7 | 57.2 79.7 [i 3:8 
3 19.93 6.1 9.13 | 45.2 8.9 43.6 7.89 | 1.96 


























Experiment 6. 
: 1 
Determination of log Ko (n = 2.89) at Varying pH at 38°C. Apr. 28, 1928. 


Venous blood of W. C. S. 0.2 per cent oxalated. Equilibrated at 38 + 
0.1°C. Blood and gas phase separated and analyzed. 



































Oxygen. Co: pH ' 

No. calcu- log K 
Capacity. | Tension.| Content. —- Tension. | Content. lated. ” 
i. mm. Hg ones per cent | mm. Hg as 7 
1 20.56} 40.5 10.58 | 51.5} 96.1 62.0 7.09 | 3.814 
2 20.56 | 27.9] 10.12} 49.2| 39.8 44.2 7.34 | 3.469 
3 20.56 18.5 10.44; 50.8 6.9 17.8 7.72 | 3.014 





See Figs. 2 and 3. 

I wish to take this opportunity to thank Drs. Austin and 
Cullen, of the University of Pennsylvania, who read this manu- 
script with great care and made many valuable suggestions. 
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An aqueous saturated solution of calcium chloride has a calcion 
concentration of about 5 mols per liter at 38°. A neutral saturated 
solution containing carbonates and phosphates at 38° has a calcion 
concentration of 0.0025 mol per liter (1). The calcion concentra- 
tion of the first solution is two thousand times that of the second 
solution. These two solutions are analogous to an unbuffered 
and a buffered system of hydrions. The second solution is a 
buffered system in which additions of calcium salts do not increase 
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the calcion concentration proportionally to the amount added, 
nor does the removal of calcium saits decrease it proportionally. 
The calcion concentration is stabilized as the hydrion concentra- 
tion is stabilized in buffered systems. The relations which deter- 
mine the calcion concentration are the subject of this study. 


The Nature of Calcion Buffers. 


Addition of a highly dissociated calcium salt, e.g. CaCl, pro- 
duces a reaction in a mixture of a weak buffer acid, HeA, and its 
primary salt, BHA, according to the equation, 


CaCl, = Catt) ~  (CaA 
rt }= Ca (HA)o =; + (1) 
2BHA = 2HA-\ HoA 


The highly dissociated calcium salt combines with the buffer 
salt, BHA, to form the intermediate salt, Ca (HA)s. This cal- 
cium buffer salt is always in equilibrium with the least soluble, 
normal salt, CaA. The equilibrium is determined by the con- 
centrations of buffer salt, BHA, and buffer acid, HA. Increase 
of concentration of calcium or buffer salt shifts the equilibrium 
from’ left to right; increase of concentration of buffer acid, from 
right to left. The calcion concentration is decreased in the first 
instance and ‘is increased in the second instance. At equilibrium, 
calcion concentration is determined by the relative concentrations 
of total buffer salt, BHA plus Ca (HA)s, and free acid, HpA. This 
constitutes a calcion buffer mechanism comparable to that for the 
hydrion buffer mechanism. 

Calcion buffers are substances which resist the change in calcion 
concentration upon addition or removal of calcium salts. The 
calcion concentration is stabilized in the presence of mixtures of 
weak acids and their salts, which react to form insoluble normal 
valcium salts and soluble intermediate calcium salts. 

The Carbonates as Calcion Buffers—As an example of calcion 
buffering, the carbonates may be chosen. They react with a highly 
dissociated calcium salt, e.g. CaCl, according to the equation, 





CaCl = Catt } (CaCO; 
+ ‘= Ca(HCO;3)2 24 + (2) 
2NaHCO; = 2HCO>) )H.C0; 
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where NaHCO; and H:COs;are the buffer salt and acid, respectively ; 
Ca(HCOs)2, the intermediate primary calcium salt; and CaCOs;, 
the insoluble normal calcium salt. The calcion concentration of 
this system at equilibrium is determined by the ratio of the dis- 
solved Ca(HCOs3)2 and CaCOs, which is fixed by the ratio of con- 
centrations of total buffer salt, NaHCO; plus Ca(HCOs)2, and free 
buffer acid, H2CQ3. 

The Phosphates as Calcion Buffers—The phosphates react in a 
similar manner with a highly dissociated calciurn salt, e.g. CaCl, 
according to the equation, 


4CaCl =}4Cat+t Nl Ca;(PO4)2 
+ = 4Ca(HPO,) = - (3) 
4Na2HPO, = supoz) Ca(H2PO,)2 


where NasHPO, and Ca(H2PO,)2 are the buffer salt and buffer 
acid, respectively; CaHPO,, the intermediate secondary calcium 
salt; and Ca3(PO,)2, the insoluble, normal calcium salt. 


The Relations of Calcion Concentration in Terms of Calcion 


Buffers. 


The Calcion Concentration in Terms of the Carbonates.—Experi- 
mental studies of the equilibrium relations of the carbonates in 
aqueous solution (1) have shown that at 38°, in the presence of 
solid CaCOs, 


[Ca++] [HCo;}? 


= K, = 4.1 x 10% 4 
[H2COs] Al x ( ) 


The HCO; from carbonic acid in the concentration of carbonates 
equivalent to that present in blood is extremely small; i.e., to 
the extent of about 1:10,000 of the H.CO;. Essentially all 
the anion originates from the dissociation of the bicarbonates. 
Considering any soluble, monovalent, highly dissociable salt, 
BHCO;, as the source of HCO; and assuming its average degree 
of ionizations to be y, Equation 2 may be rewritten as 


[H2CO3] Ki [H2COs] _ ap [H:CO3] 


Catt = K = -_ 
a ‘THCO; |? ~ 7? ° [BHCO,|? [BHCO,] 
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240 Calcion Buffer Values 
Inverting and expressing in logarithmic form, 
—— ee 
pCa = pK’+ lo (H2CO3] (6) 


Where pCa and pK’ are the negative logarithms of [Ca++] and K’, 
respectively. 

The logarithmic unit, pCa, similar to the symbol pH, has been 
adopted for the numerical expression of the calcion concentration 
because it is more practical, more convenient to handle mathe- 
matically, and because changes inpCa are directly proportional to 
changes in pH. The physiological significance of this unit cannot 
be demonstrated because adequate data on the calcion concentra- 
tion are not yet available. 

TABLE I. 
The Evaluation of the Carbonates as Calcium Buffers. 





pCa calculated from: 





BHCOs | H:COs | 

















| Determinations. Equation 6. 
millimols/l millimols/l 
7.8 2.7 2.48 2.50 
8.2 2.78 2.52 2.52 
6.6 | 2.08 2.55 2.57 
6.2 | 1.36 2.60 2.65 
5.8 1.36 2.61 2.59 
4.6 | 0.68 | 2.70 2.69 
10.9 2.08 2.82 | 2.90 
9.7 1.36 | 3.00 | 3.05 
16.38 2.78 3.24 3.19 
16.20 2.08 3.30 3.30 
15.70 1.36 3.52 3.48 
15.48 | 0. 3.72 | 3.75 


68 | 








Equation 6 has been tested against the experimental data (1) 
given in Table I and can be interpolated from Fig. 1. Calculated 
from the relation, 

K 


K’ = log —, 
. (y)? 


Where K’ is 4.1 X 107 at 38°, and the average y of BHCO; is 0.85. 
the value of the calcion pK’ for the carbonates is 4.2. 
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The calcion buffering of the carbonates expressed by Equation 
6 may be illustrated by two comparable experiments. Two 
aqueous systems at 38° contained in mols per liter: 











Experiment. CO: tension. | H:CO; HCO; | Ca’ | pCa 
| | | 
——_—<$<—— | <<< | ——___—_ — — 
mm. | | 
1 | 20 | 0.00068 0.0038 0.00190 | 2.72 
2 20 0.00068 {| 0.0121 0.00019 | 3.72 





Addition of 0.015 m NaHCO; to the calcium bicarbonate solution 
in Experiment 1 increased the HCO; 3.1 times. The effect of 
this bicarbonate increase was a 10-fold decrease in the calcion con- 
centration or a change in pCa from 2.72 to 3.72. 

The Calcion Concentration in Terms of the Phosphates—The 
relation for the calcion concentration in terms of the phosphates as 
calcion buffers may be developed similarly to the carbonates. The 
right-hand member of the buffering reaction 4, expressed ionically 
is, 





4Cat+t+ + 4HPOF = Caz (PO,4)2 + Cat+ + 2H2PO7 


The law of mass action gives, 


[Cat+}* [HPOF]}* [Catt} [HPOF}* _ 


_ = — Ko (7 
[Ca++] [H,PO;}* [H2PO; |? ’ ” 
Solving for Catt, we obtain, 
| H:PO;]' 
Catt = Ki, H2POs] (8) 


*" [HPO]! 


4, 


Considering the HPO; as originating from any soluble, highly 
dissociable, monovalent, primary phosphate and assuming the 
average degree of ionization of the salt, BH2PO,, to be y:, and the 
HPO; as originating from any soluble, highly dissociable, mono- 
valent, secondary phosphate, B,HPO,, with an average degree of 
ionization ‘2, 


, (y,)*\ [BH=Po,]! BH»PO,]' 
Catt = (x! ae ) es K” - Saror (9) 


* (y2)'/  [BeHPO,]' [BsHPO,]' 
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Inverting and expressing in logarithmic form, 


[B2HPO,|? 
[BH2P0,] 





(10) 


9 
pCa = pK’+ > log 


The curve representing this equation is given in Fig. 1. The value 
of pK” and experimental data on the phosphates as calcion buffers 
will be reported in a separate paper. 

In the presence of both carbonates and phosphates, the calcion concen- 
tration can be derived from either independently. Consider the reaction, 
Caz (PO4)2 (solid) = Caz (PO4)2 (dissolved) + 2H2CO3 = Catt 
+ 2HCO; + 2Cat+ + 2HPOF 

The law of mass action gives, 
[Cat*]§ [HCO;]? [HPOF]? 


=K U1 
(H2CO3)2 - (11) 


since the concentration of dissolved Ca3(PO4)2 in equilibrium with the solid 
phase is constant. From the first dissociation equilibrium of carbonic acid, 
we have, 
[HCO;] _ Ky 
[HsCO;] [Ht] 
Substituting in Equation 11, 
[Cat++]* [HPO=]?’ = Ks; : 
— a 2 a. = is 
{Ht}? (K4)? 
Solving for Catt, 
+ , -[Ht} 
Cat+ =K'.- a 
[HPO=]’ 
From the second dissociation equilibrium of phosphoric acid, we have, 
H2PO; 
[H+] = Ke P07] 
[HPOF] 
Substituting this equivalent of |H*] in the above equation, 
H2PO;]' 
Catt = K, [HPO] 
[HPO;]’ 
which is identical with Equation 8. 

The General Equation for the Calcion Concentration of Calcion 
Buffering Solutions —Equations 3 and 4, expressing the buffering 
reactions of the carbonates and phosphates, are special forms of 
the general equation for any buffering solution, 


a Catt + 4(Ha— (4A) = CaeAe + 2(Ha—2A) 
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where 


x = an arbitrary valence number <a. 
a = basicity of the acid; a = x + 2. 
H,-,A = free buffer acid. 
Ha-(r+1)A = acid ion of the primary salt. 
Ca,A2= insoluble normal calcium salt of the buffer acid. 


The law of mass action applied to the above equation gives, 


[Ca++] [Ha ~(2+1Al]* ae 
[H@—2z)A}* 





since the concentration of the dissolved Ca,Ae in equilibrium with 
the solid phase is constant. Solving for Ca++ and expressing the 
ionic forms whose valences are u and u + 1 respectively, in terms 
of their soluble, highly dissociable, monobasic salts, 


(Batted 





Cat+ =k. - (12) 
[Buti Ha- +A] 
Inverting and expressing in logaritimic form, 
i [Bu+1Ha— (+A)? 
Ja=pK+ — leg Sto te 
ee ae ad 


7 - : : 
The coefficient, ? is the ratio of the valence of calcion to the val- 


ence of acid, a. When the buffer acid, [B,Ha-—rA], is free acid 
then u becomes zero, B, disappears and the buffer acid is repre- 
sented simply by Ha-rA. Equations 12 and 13 may be expressed 
more conveniently if we represent the concentration of free buffer 
acid by HA, the concentration of buffer salt by BA, and the val- 


9 
ence ratio —,by n. 
a 


_ [Hal 
Catt = K —— 14) 
- [BA] ( 
and 
BA? 
pCa=pK+ n log | i (15) 


[HA] 


The calcion concentration is, therefore, dependent upon the ratio 
of the square of the salt concentration to the acid ‘concentration. 








fr 
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This equation is represented graphically in Fig. 1. Equations 5, 
6, 8, and 10 for the carbonates and phosphates are clearly special 
cases of the general equations Nos. 14 and 15, expressing the cal- 
cion concentration in terms of any buffering polyvalent acid and its 
soluble salt. 


The Unit for Evaluation of Calcion Buffers. 


The measure of the stability of the caleion concentration or the 
calcion buffer value can be derived from the relations which govern 
the calcion concentrations in terms of its buffers. A consideration 
of the calcion buffering Equation 1 shows that equivalent incre- 
ments of CaCl, produce equivalent decrements in buffer salt, 
BHA. Therefore, the unit for the calcion buffer value is the differ- 


ential ration ee which gives the relationship between the 
increment of calcium salt added to a calcion buffer solution and 
the resultant increment in pCa. This unit for calcion buffer 
value in terms of logarithmic pCa is analogous to that introduced 
by Van Slyke (2) for the hydrion buffer value and has similar 
advantages. The buffer value is the number of gram equivalents 
of buffer salt necessary to change the calcion concentration one 


unit of pCa. 


The General Equation for Calcion Buffer Value. 


The calcion buffer value may be determined by rewriting Equa- 
tion 14, 
({C] — [BA])" 
++ — 
Ca = K ——__ [BA] 
where [C] is the total acid concentration and [C] — [BA] is the 
free buffer acid concentration. Expressing in logarithmic form, 


([C] — [BA]) 
[BA]? 





pCa = pK— n log 


Differentiating with respect to [BA] and inverting, we obtain for 
the calcion buffer value, p, 


_q@BA}_ 1 BA) 2.3 (BAI ((C] — [BA)) (16) 
~ dpCa on 10g (‘Sr ~ a) n 2 [C] — [BA] 
d log - 


(BA)? 
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From the above and from the Henderson-Hasselbalch equation, 
K’a 


a+ ay 


[BA] = 
and 
[H+] 


[H+] + K’a [Cc] 





[HA] = 


where K’‘a is the acid dissociation constant divided by the fraction 
of the salt ionized. For polybasic acids, the concentration of 
the acid and basic intermediate compounds may be expressed by 
similar but more complex ratios. Within physiological conditions, 
however, the simpler relations suffice. For such systems, the 
K’a value is the intermediate dissociation constant of the weak 
buffer acid divided by the fraction of the salt ionized. 
Substituting these values in Equation 16 we obtain, 


d(BA) 23 [BAI{HA] ni 
———$ = —— - ‘ 
dpCan (C] + [HA} 

2.3 [BA] {HA} - 





” [BA] + 2fHA] 
K’a [H+)-[C] 


=|; 


Equivalent expres- 
sions for the calcion 


lo 
nw 














= 19 

~~ n (K’a+(H*))(K’a+21H*])) 
——,, or p. 

dpCa’ ** ° 23 _ K’alHA}[C] aa 

~ n (K’a + [H*)) ([C] + [HA]) : 

23 [Ht] {BA) (21) 








‘n (K’a + 2{H*)) 

The accuracy of Equations 16 to 21 has been tested against ex- 
perimental results by applying data reported in a previous paper 
(1). The values given in Table II show satisfactory agreement 
between the theoretically calculated calcion buffer values, 1.e. 
ne r p, and those approximated from the experimental 
data for A BHCO; and A pCa. 


Deductions from the General Equations. 


These equations permit the following deductions: 
(1) The calcion buffer value at a given hydrion concentration 
is directly proportional to the total molal acid concentration, [C] 


(Equation 19). 
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(2) The calcion buffer value at a given hydrion concentration is 
directly proportional to the buffer salt concentration, [BA] 
(Equation 21). 

(3) The molal calcion buffer value, py, follows from Equation 
19 

diBA] 2.3 K’alH*] | - 


Pu = [CldpCa n | (K’a + [H*]) (K’a + 2[H+)) 


The relationship between the absolute calcion buffer value, p, 
and the molal buffer value py, is 


p = 
ici = Pu 

(4) The calcion buffer effect is independent of the nature of the 
buffer acid since Equations 16, 17, and 18 are independent of the 
dissociation constant of the acid. Phosphoric and carbonic acids 
have, in the presence of their salts, under similar conditions and 
equivalent concentrations corrected for valence differences, the 
same buffer effectiveness but their maximum calcion buffer action 
is exerted at different pH. 

(5) The Calcion Buffer Values of the Carbonates and Phosphates. 
—These are given by Equations 16 to 21 in which the value of n 
is unity for the carbonates and two-thirds for the phosphates. 

The Calcion Buffer Value of a Mixture of Calcion Buffers — 
In a solution of a given hydrion concentration [H+], containing 
several calcion buffers, the following relations hold at equilibrium, 


(H*) [A+]; = K; ([C]; — [A*]:) 


where 4 = 1,2,3.......... n 
The condition of electroneutrality requires that, 
[B+] + [H+] = [(OH-] +[A7“h+[A7k ...... [A7]n 


where [B*] represents the total equivalent concentration of buffer 
salt cations present in the solution; in this summation both [H+] 
and [OH] may be neglected, as they are small in comparison 
with the other quantities. Substituting for the anion concentra- 
tions their equivalents, 


_({_K,-(C) K’2[Cl2 K’,{Cl, 
[BA] = (z ety + keg tett m+ ar) 
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where the K’ value is the intermediate dissociation constant 
divided by the fraction of salt ionized. Hence, the total buffer 
salt concentration is the sum of the separate buffer salts. More- 
over, the differential coefficients of this sum of functions is equal 
to the sum of the differential coefficients of these functions, that is, 


the calcion buffer values are additive. 


d(BA) 
> dpCa, 
A solution containing several calcion buffers has for its resultant 
calcion buffer value at a given hydrion concentration, the sum of 
the individual buffer values, 
[BA], 1 [BAle \ 


1 
= (23) pts __B _— a ee eee 23) 
dtd ym (K’aa + 21871) tie (K’as + 21H*]) * Sit 


The Calcion Buffer Value of an Aqueous Highly Dissociated Calcium 
Salt.—Addition of a highly dissociated calcium salt to water yields a solu- 
tion which exerts a certain amount of calcion buffer value. This may be 
determined by considering that addition of a calcium salt to water results 
in an hydrolysis, according to the equation, 


CaA + 2 HOH = Ca(OH): + H2A 


Here a molecule of CaA is transformed to a molecule of the calcium buffer 
salt, Ca(OH)2. Calcium hydroxide is a relatively insoluble compound 
whose solubility product is of an order of 10~'* 

[Ca++] [OH]? = ky 
or 


Cet? = ———=- 


Inverting and expressing in logarithmic form, 
pCa = pK, + 2 log [OH™] 
Differentiating, 
dpCa = 2d log [OH] 
Since a molecule of CaA is equivalent to a molecule of Ca(OH)2, we may 
express the addition of a calcium salt by the formation of the calcium 
buffer salt, Ca(OH), or symbolically by 2 BA 
But, 
2;0H- 
BA = $Ca(OH)2 = a 


b 


where Y, represents the degree of dissociation of Ca(OH)s. 
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Differentiating, 
11(0H- 
ne 
Y> 
Therefore, 
y OH 1 i{OH- 1 {OH7- 1.15 
_ d{[BA]_ 1 d{ He 1 d(OH ] i [ )_ 15 oH-] (24) 


ba dpCa ~¥» dpCa 2d log {OH-|— 27, 0.4343 Yo 
It can be similarly derived that, 
q{BA] 1.15 


) 
“ Ht 
dpCa Yo el (25) 





where y, is the degree of dissociation of the acid.” Adding Equations 24 
and 25, respectively, we obtain the total calcion buffer value of an aqueous, 
highly dissociated calcium salt solution. 


+ _ 
_ a{BA] _ 15% ‘| + (OH ) (26) 
dpCa Yao Yo 


Pw 


This means that any given [H+] or [OH™], highly dissociated calcium salt 
must be added at the rate of 1.15 gram equivalents per liter per unit 
change in. pCa effected. 

The total calcion buffer value of a weakly dissociated calcium salt solu- 
tion to which highly dissociated calcium salts are added is the sum of the 
calcion buffer values of the weakly and the strongly dissociated calcium 
salts.- This follows from Equation 23 and is given by the sum of Equa- 
tions 22 and 25, 

115 2K’a[C]} [H*] + [H+] [OH-] (on 
eh © ey, Oa | 27 
(K’a + [H*]) (K’a + 2(H™]) Ya Yo 
Since [H+] and [OH™] are usually negligible in comparison with the first 
member of Equation 26, the use of py becomes permissible within the 
physiological range. 


The Maximum Calcion Buffer Values. 
: F : f d 
The maximum calcion buffer value is determined when anal 


becomes zero. Repeating the differentiation of Equation 16 we 





obtain, 
dp 1 21c}2 : 
d|BA] — logio (: ~ (2(¢) - map) _ 
When this expression becomes equal to zero 
[BA] = (2+ ¥2) [C] (29) 


To determine which of these two values represents the maximum 
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the necessary and sufficient condition is that d*p <Oforthat 
d{BA]? 
value. Repeating the differentiation of Equation 28, 
2 — 4(C}? 
1 HCI (30) 


d(BA}? (2{C] — [BA])* 
Substituting (2 — +/2) [C] from Equation 29 in Equation 30 a 
negative value is obtained; for [C] is always positive. Hence the 
maximum calcion buffer value is determined when 


[BA] = (2 — v2) [C] = 0.586 [C] (31) 


Hence the maximum calcion buffer effect is produced by any cal- 
cion buffering, weak acid-salt solution containing 0.586 part of 
buffer salt to 0.414 part of free buffer acid. 

The Molal Calcion Buffer Value at the Maximum.—p, at the 
point of maximum calcion buffering may be calculated from Eqa- 
tions 17, 18, and 19 by substituting for [BA] its equivalent 0.586 
[(C] from Equation 28. Hence, 


2.3 [BA] [HA] _ 0.395 = 
ox (+A) _ 
for any calcion buffering, weak acid-salt solution. Since the value 
of n for the carbonatesis unity and forthe phosphatesis two-thirds, 
the molal calcion buffer value for the carbonates is 0.395 and for the 
phosphates is 0.592. At the maximum a molal solution of phos- 
phates buffers the calcion concentration one and one-half times 
better than a molal solution of carbonates. The meaning of 
these values may be ascertained from the buffering reaction, 
from which it is evident that for every molecule of calcium salt 
added to the calcion buffering solution, a molecule of calcium 
buffer salt is formed which is transformed into a molecule of the 
insoluble normal calcium salt. Hence, at the isohydric point of 
maximum buffering, a highly dissociated calcium salt must be 
added or removed to the extent of 0.395 m to carbonates and 0.592 
m to phosphates, to change the original calcium concentration to 
10-fold or ; its own value, and thereby cause one unit change in 
pCa. 
The Relation of pH to Maximum Calcion Buffer Value-—The 
pH of a buffer solution at which its molal calcion buffer value 
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is a maximum, may be determined directly from the Henderson- 


Hasselbalch equation, 
[BA] 


{HA] 





pH = pK’a+ log 


Since [BA] and [HA] are 0.586 and 0.414, respectively, at the maxi- 
mum, the equation becomes, 

pH = pK’a+ log y¥2 (33) 
and is indicated graphically in Fig. 2. 

This equation may also be derived from the equivalent expressions 
given by Equations 19 to 21, by substituting the calculated py values at 
the maximum from Equation 32; e.g., 

23 [BA] |H*+] 2.3 (0.586) [H*] 0.395 





n (K’a+2({H*]) ~ on (K’at+ H+] =n 
Solving for H+, we obtain, 
Ht =0.7K’'a 
Inverting and expressing in logarithmic form, 
pH = pK’a + log ¥2 
which is identical with Equation 33. 
The independent derivation of this equation follows from direct differ- 

entiation of p given by Equation 22, 


dou _ (dou \ (alii!) (ape | 
dpCa \d[{Ht] dpH dpCa () 


Differentiating py with respect to H, 
dou 2.3 (K’a® — 2 K’a{H+])? 


d{H*+] (K’a + [H*])(K’a + 2(H*])? 





Since, 
{H+ 
dH) _ 93 [at] 
dpH 
and from the relations, 
k k 
Ca++ — = — (H+]2=ke. [H+]? 


~ (OH-}? k%, 
or 
pCa = pK; — 2log [HT] 


and on differentiating, 


d [Ht] 


dpCa 
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Equation 34 becomes on multiplying these three differentials, 
dpy _ 1.15{H*] (K’a?— 2 K’a{H*])? 
dpCa (K’a+ (H*]) (K’a + 2|H*])? 





Making this equation equal to zero, 
K’a 
Ht = + —— 
v2 
Proceeding as above to determine which of these values is a maximum, 
inverting and expressing in logarithmic form, we obtain, 
pH = pK’a + log ¥2 


The ratio of buffer salt to free buffer acid is the same for any 
calcion buffering solution at the maximum and hence the pH at that 
point for any buffer concentration may be calculated from Equa- 
tion 33 by using pK’a values of 6.15 for the carbonates and 6.85 
for the phosphates. The maximum calcion buffer value for the 
carbonates is at pH 6.30 and that for the phosphates is at pH 7.00. 

The Molal Calcion Buffer Value at the pH of the Blood.—The 
carbonates and phosphates exert their maximum calcion buffer 
effect at an hydrion concentration greater than that of normal 
blood. The calcion buffer value at pH 7.35 may be read directly 
from the plotted curves, Fig. 2, or may be calculated from Equa- 
tion 19. At pH 7.35 the molal calcion buffer value of the carbon- 
ates is 0.111 or 28 per cent of the maximum. The molal calcion 
buffer value of the phosphates is 0.265 or 45 per cent of the 
maximum. 


The Calcion Buffer Value of Blood Serum. 


The calcion buffer value of blood may be calculated from Equa- 
tions 17 to 22. Since the corpuscles contain no calcium, calcion 
buffering is limited to the serum. Normal blood serum has a 
total bicarbonate concentration of about 0.03 N and an hydrion 
concentration of 0.45 XX 10-7. Hence, the calcion buffer value 
of the serum carbonates is 3.5 X 10-* from 

d(BA] 2.3 K’a[H*}]-[C] 
P= apCa ~ n (K’a + [H*]) (Ka + 2(H*1) 





At the same hydrion concentration and at a total phosphate con- 
centration of 0.001 m the calcion buffer value of the serum phos- 
phates is 0.5 < 10-*. The combined calcion buffer value of the 
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carbonates and phosphates of normal blood serum according to 
Equation 23 is 4.0 X 10-*. Therefore, at physiological conditions, 
the calcion buffer value of the carbonates is seven times that of 
the phosphates. 

SUMMARY. 


1. The calcion concentration is regulated by calcion buffers. 
They are electrolytes which resist the change in calcion concen- 
tration upon addition of calcium salts. Calcion buffers are mix- 
tures of weak acids and their salts which react to form insoluble, 
normal calcium salts and soluble, intermediate calcium salts. 

2. The calcion concentration of any calcion buffering solution is 
determined by the ratio of the concentrations of the free buffer 
acid, HA, to the buffer salt, BA, according to the relation, 


HA" 
Cat+ = k HAP 


[BA]** 
where n is the ratio of the valence of calcium to that of the acid, 


and K is an equilibrium constant. 
3. Calcion concentrations may be expressed in logarithmic 


1 
units as log (Ca**] = pCa which is given by the general equation, 


‘ ore 
Wa = pr 7 m< 
I 1 I + log [HA] 





4. The calcion pK is 4.2 at 38° for the carbonates as calcion 
buffers. 

5. The unit for the calcion buffer value of a solution is the num- 
ber of gram equivalents of calcium salt or acid necessary to change 
the calcion concentration one unit of pCa. This is expressed by 

. d[BA] .. , 
the differential ratio dpCa which defines the calcion buffer value 
at any given calcion concentration. 

6. The general equation for the calcion buffer value p, is 


d[BA] 2.3 K’a(C]- (H+) 


~ dpCa nn (K’a + [H*]) (K’a + 2|H*)) 
This equation defines the calcion buffer value of the carbonates 
for which n is unity and that of the phosphates for which n is 
two-thirds. 
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7. The calcion buffer value, at any given hydrion concentration, 
is directly proportional to the total concentration of buffer acid or 
salt. 

8. The calcion buffer value is independent of the nature of the 
weak acid provided it forms an insoluble, normal calcium salt. 

9. The ealcion buffer value of a mixture of calcion buffers is the 
sum of the separate calcion buffer values. 

10. The maximum ealcion buffer value is attained when there 
are 0.586 part of buffer salt and 0.414 part of free buffer acid. 

11. The molal calcion buffer value at the maximum is given by 

0.395 
the ratio ——. 
n 
12. The pH at which the calcion buffer value is a maximum is 
given by, 
pH = pK’a + log ¥2 

which is pH 6.30 for the carbonates and pH 7.00 for the phosphates. 

13. The molal calcion buffer value at pH 7.35 is 0.111 or 28 per 
cent of the maximum for the carbonates and 0.265 or 45 per cent of 
the maximum for the phosphates. 

14. The calcion buffer value of the carbonates of normal blood 
serum at pH 7.35 is 3.5 X 10-* and that of the serum phosphates is 
0.5 X 10-*. The combined calcion buffer value of blood serum is 


4.0 X 10° 
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A NOTE ON THE RELATION OF pH TO TUNGSTIC ACID 
PRECIPITATION OF PROTEIN.* 


By A. T. MERRILL. 


(From the Hygienic Laboratory, Treasury Department, United States Public 
Health Service, Washington.) 


(Received for publication, April 11, 1924.) 


In the precipitation of nitrogenous material by the tungstic 
acid method of Folin and Wu (1) a certain degree of acidification is 
necessary. Rumsey (2) placed this on a pH basis and found that 
maximum precipitation of nitrogen from cereal extracts and best 
clarification is obtained in the range pH 2 to 1.3. Hanzlik (3) 
showed that dialyzed horse serum is best precipitated with phos- 
photungstic on the acid side of the isoelectric point of serum 
protein. 

In an examination of diphtheria antitoxin serum the following 
intéresting data were obtained. At a pH of about 5.0, which is 
on the acid side of the isoelectric point of serum globulin, the zone 
of maximum precipitation of nitrogen occurs. A value of 0.10 
per cent protein-free nitrogen is obtained in the filtrate. At pH 
2.8 the protein-free nitrogen decreased slightly to 0.08 per cent 
and this constant was found at all pH values determined below 
this and at the acidity of 10 per cent acid solution (see Table I). 
Folin’s proportions of acid to tungstate gave a pH of 2.8 which is 
within the range of maximum nitrogen precipitation. 

The determination of protein-free nitrogen in the serum by the 
trichloroacetic acid method of Greenwald (4) gave identical 
results with those obtained by tungstic acid at the pH of maximum 
precipitation. The pH of the trichloroacetic acid filtrate was less 
than pH 1.2. The agreement of protein-free nitrogen determina- 
tions by the two methods indicates absence of peptone in the 
serum according to Hiller and Van Slyke (5). 


*Approved for publication by the Surgeon General. 
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No material change in total or non-protein nitrogen as a 
result of autolysis was found in serum kept at room temperature 


for a period of 3 months. 
TABLE I. 
Diphtheria Antitoxin Serum. 


4.0 gm. serum + 0.5 gm. NagWO,-2H20 per 100 ce. 














2/3 n H2SO, acid. pH Filtrate nitrogen. 
ec per cent 
2.8 5.9 2.45 
3.0 5.8 2.24 
3.2 5.6 1.41 
3.4 5.4 0.86 
3.5 5.3 0.45 
3.6 5.3 0.22 
3.8 5.0 0.10 
4.0 4.6 0.09 
5.0 2.8 0.08 
6.0 2.5 0.07 
7.0 2.1 0.08 
8.0 1.9 0.07 
10.0 1.7 0.08 
30.0 1.0 0.08 
50.0* 0.07 
*20 per cent sulfuric acid. 
TABLE II. 
Peptone. 


0.8 gm. peptone + 2.0 gm. NagWO,-2H20 per 100 cc. 








2/3 w HeSO, acid. pH Filtrate nitrogen. 

cc. | per cent 
14.0 4.3 13.42 
18.0 2.6 8.07 
21.0 2.0 6.98 
25.0 1.7 6.76 
50.0 1.0 | 5.81 
25.0* | 4.72 
50.0* | 4.99 





*20 per cent sulfuric acid. 

In contrast to these results, obtained by the precipitation of 
nitrogen in serum by tungstic acid, are the results obtained in 
peptone solutions. The nitrogen precipitated from peptone solu- 
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tions by tungstic acid increased considerably as the pH decreased 
from pH 4.0 to 1.0, with a very slight reversal of precipitation 
at an acidity of 10 per cent acid solution, as shown in Table II. 

The peptone nitrogen is only slightly precipitated at a pH of 
4.0 while at this acidity the protein in the serum is completely 
precipitated. There is no known pH at which peptide nitrogen 
is precipitated separate from other nitrogen compounds in peptone 
solution. 

The quantity of nitrogen precipitated is also affected by a change 
in the proportion of tungstic acid to peptone, or the concentration 
of reagents in solution. 

It is known that freshly prepared tungstic oxide is soluble in 
aliphatic amines (6), in salts of tartaric (7), citric, and malic acids 
(8), and in oxalic acid (9). Folin and Wu (1) warn against excess 
of citrate or oxalate in blood used for protein precipitation with 
tungstic acid. 

It is now suggested that the tungstic acid precipitate in peptone 
solutions is affected by the various peptones, bases, amino acids, 
and other organic acids probably present in the peptone. 


BIBLIOGRAPHY. 
1. Folin, O., and Wu, H., J. Biol. Chem., 1919, xxxviii, 81. 
2. Rumsey, L. A., Ind. and Eng. Chem., 1923, xv, 270. 
3. Hanzlik, P. J., J. Biol. Chem., 1915, xx, 13. 
4. Greenwald, I., J. Biol. Chem., 1915, xxi, 61. 
5. Hiller, A., and Van Slyke, D. D., J. Biol. Chem., 1922, liii, 253. 
6. Ekeley, J. B., J. Am. Chem. Soc., 1909, xxxi, 664. 
7. Henderson, G. G., and Barr, J. M., J. Chem. Soc., 1896, lxix, 1451. 
8. Henderson, G. G., Orr, T. W., and Whitehead, R. J. G., J. Chem. Soc., 
1899, Ixxv, 542. 
9. Grossmann, H., and Krimer, H., Z. anorg. Chem., 1904, xli, 43. 






























ON 
. "% 
° \ 
2 JUN 12 182% 
% 
- 





FAT EXCRETION. 


II. THE QUANTITATIVE RELATIONS OF THE FECAL LIPOIDS. 


By WARREN M. SPERRY anp W. R. BLOOR. 


(From the School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York.) 


(Received for publication, April 14, 1924.) 


In an earlier paper (1) it was shown that there was always 
fatty material in the feces whether fat was present in the food or 
not; that addition of moderate amounts of fat to the diet did not 
increase the feces fat to any considerable extent; and that the 
composition and properties of the excreted fatty material were 
largely independent of the fat of the food. The comparative 
constancy in amount and composition of the fecal fat under a 
variety of conditions indicated that it was not to be regarded as 
unabsorbed food fat but rather of the nature of an excretion, 
whether directly from the blood or indirectly through the normal 
intestinal secretions. The possibility of its origin in desquamated 
epithelial cells or in intestinal bacteria could not, of course, be 
excluded. Recent work by Holmes and Kerr (2) has led them 
to similar conclusions as to the constancy of composition of the 
fecal fat and its independence of the fat of the food. The present 
work was undertaken in order to obtain quantitative information 
regarding the different substances making up the fecal lipoid and 
their relations to each other and to the lipoid of the food, with the 
purpose of discovering the source of the feces fat and its bearing 
on fat metabolism. 


EXPERIMENTAL. 


The general procedure consisted of feeding experimental animals 
various standard diets with and without fats of different composi- 
tion over periods of a week during which time the feces were 
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collected, and the fat was extracted and analyzed. The details 
of the work are as follows: 

Animals and the Technique of Handling.—Largely because they 
required less of the sometimes difficultly prepared food, cats were 
first used as experimental subjects. Between the experimental 
periods there was always a rest period of at least 2 weeks during 
which they were fed all they would eat of a diet of bread, liver, and 
dog biscuit. When the experimental diet was first given it was 
always found difficult to make the cats eat, a period of 4 to 10 
days being required before they were eating it completely in all 
cases, so that the preexperimental conditions consisted of a period 
of partial fasting and partial eating of the diet in question for 
approximately a week before the actual experiment was started. 
The experiments were each of 1 week’s duration, with the periods 
marked off by charcoal. The feces were collected daily in covered 
beakers. The animals were given some exercise each day while 
their cages were being cleaned and food was being prepared. It 
was found in some preliminary experiments, using a normal diet 
of bread and liver, that a diet computed on the basis of 90 calories 
per kilo of body weight gave the optimum results and the diets 
used were computed on this basis. The animals were weighed 
every 2nd day and remained in good condition throughout all the 
experiments. 

Because of the difficulty of getting them to eat and the tendency 
of the feces to be soft even when large amounts of kaolin or bone 
ash were fed, cats were finally abandoned as subjects in favor of 
dogs. The technique of handling dogs was the same as for cats 
except that Cowgill’s (3) method of calculating the diet was used. 
It was not found necessary to feed vitamins or a salt mixture 
during the weekly period. In the case of the coconut oil and fat- 
free diets a better mixture was obtained and the animals ate more 
readily if a little meat extract, dissolved in water, was mixed with 
the food. The dogs ate the diets completely and remained in 
good condition during the experiments, while the feces were hard 
and easy to handle in all cases. 

Food Materials. Carbohydrate-Starch.—The starch used in 
the fat-free diet (cats) was Kingsford’s corn-starch dextrinized by 
spreading out to a depth of 3 to 3 inch on a large shallow tray and 
heating carefully in a hot oven until just browned. After using 
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this material in the fat-free diet of the cats an article by Taylor 
and Nelson (4) came to our notice, calling attention to the fact 
that practically all starch contained fat. Analysis of the dex- 
trinized material for fat by their method showed a content of 
about 0.9 per cent. This amount was probably not sufficient to 
affect the results materially, but partly on this account and partly 
because dextrin was easier to use it was deemed best to abandon 
starch as a basal carbohydrate in the fat-free diets and to sub- 
stitute commercial dextrin for it. However, the dextrin was also 
found to contain fat when analyzed by the method of Taylor 
and Nelson, a 25 gm. sample yielding 0.086 gm. of fat. Extraction 
with hot alcohol in the continuous extractor described by Clarke, 
Adams, Conant, and Kamm (5), lowered the fat content as follows, 
analysis of 25 gm. samples being made at the end of 2 hour 
periods. 


gm, 


REE CB LR. SOB tne es ee pee 0.086 
Be Te Ices occ vc pucucsevenecueenteesceuees 0.028 
ag or osm FPR? ee ee ee oer 0.023 
A, ie OY one ahi ee Saltaeied ce cee ae 0.009 
a es cag aie abe Kean eae eed aaimelees 0.005 


All the dextrin used was therefore extracted for 8 hours. 
Casein.—Ordinary commercial casein was used after a pre- 
liminary 16 hour extraction with alcohol in the apparatus described 
above. 16 hours extraction reduced the fat content to 0.04 per 
cent which was considered negligible for these experiments. 
Coconut Oil.—The coconut oil was fed in the form of the com- 
mercial margarine preparation ““Nucoa”’ because it contained less 
of the objectionable odor than the commercial oil. The iodine 
number of this material was found to be 10. 
Olive Oil.—The iodine number of the olive oil was 96.4. 
Meat Extract.—Liebig’s meat extract was used. 
. The make-up of the various diets is as follows: 


gm. 
Normal diet (cats) per kilo per Liver .................+- 26.5 
day. Dog biscuit. .......00000 19.8 
oh cdis cade 66.0 
Fat-free diet (cats) perkilo per Starch.................. 17.0 
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gm. 
Fasting diet—sham-feeding I cic sinbeawan 1.0 
(cats) per cat per day. a ae 5.0 
Meat extract. ........... 4.0 
Coconut oil diet (cats) per kilo Casein..................- 7.0 
ner day. RE ca <etennwndndetes 12.1 
eee 1.5 
SNS <i Na ected 5.0 
Olive oil diet (dogs) perkiloper Casein................... 6.4 
day. TEE. .edteussasocann 3.5 
MCS Sc ac aaecoeconstes 5.7 
SP sh. c0ld denveecs 0.4 
Fat-free diet (dogs) perkiloper Casein................... 6.4 
day. MSs catatenas ys ccatees 13.6 
edi i seen uch 0.4 

Meat extract............. 0.35 
Fasting diet—sham-feeding Agar-agar................ 1.8 
(dogs) per dog per day. ee ree 2.5 
Meat extract 2.5 
Coconut oil diet (dogs)* per Casein................... 6.4 
kilo per day. eae 3.5 
ah ai tick ate ganna 5.7 
eee 0.4 

Meat extract............. 0.35 


The sham-feeding diet was made up of agar jelly and bone ash 
and flavored with meat extract. Since the only nutritive material 
in this diet was the small amount of meat extract (4 gm. per day 
for the cats, 2.5 gm. per day for the dogs) the animals may be 
regarded as fasting. The advantage of this sham-feeding over 
actual fasting is that the normal movements and possibly also the 
normal secretions of the intestine are kept up. 


Analytical Methods. 


The fat in the feces was analyzed largely by the method used by 
Bloor (6) for blood plasma with certain modifications. The 
method as used in the normal diet experiment was as follows: 
As soon as the collections were complete the feces were covered 

* Dogs 23-7 and 23-2 were given the diet as shown. For Dogs 24-7 and 
24-8 the diet was increased to 1.13. For Dogs 24-10 and 24-11 the diet was 
increased to 1.06. 
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with 20 per cent NaOH (350 to 600 cc.) and heated on the steam 
bath for 24 hours, after which the mixture was carefully neutralized 
with concentrated HCl and extracted with ether until the ether 
was colorless. The ether extract was washed once with water to 
remove the HCl, the ether distilled off, and the residue evaporated 
to dryness by heating on the steam bath from 2 to 4 hours. When 
cool 100 cc. of petroleum ether (fractol) were added and, after 
solution had taken place, the mixture was allowed to stand over- 
night. In the morning the petroleum ether solution was filtered 
into a weighed flask, and the tarry residue washed twice with 
fresh solvent. The combined solvent was distilled to small 
volume, the residue dried 1 hour on the steam bath, and the flask 
weighed to give the total lipoids. 

Separation of Unsaponifiable and Fatty Acid Fractions——The 
total lipoid was dissolved in 100 ec. of fractol, used in several 
portions, and transferred to a separating funnel to which were 
added 100 ce. of 0.1 N alcoholic KOH and 100 cc. of distilled water. 
The whole was shaken and tested with litmus paper. If not 
alkaline a few cubic centimeters of concentrated alcoholic KOH 
were added. When the two layers had separated the lower was 
drawn off, the upper filtered into a weighed flask in which it was 
concentrated by distillation while the lower layer was poured back 
into the funnel and shaken up with a new portion of fractol which 
in turn was separated and added to the concentrate in the weighed 
flask and again concentrated. This process was repeated once 
more after which the flask was heated an hour on the steam bath 
and weighed to give the unsaponifiable fraction. 

The lower layer was acidified with HCl and extracted with 
fractol to give the fatty acid fraction which was dried and weighed 
as before. A melting point tube was filled with this material by 
placing an open end of the tube in the melted acids, allowing some 
to rise into the tube by capillary attraction and sealing the tube. 
The melting and solidification points were taken the next day. 

Volatile Fatty Acids.—In the earlier part of the work the 
volatile fatty acid was determined as follows: The fatty acid 
fraction was dissolved in a little ether and transferred to a 600 ce. 
flask, containing 400 cc. of water and 50 cc. of H»SO, (1:4 by 
volume) and equipped with a Hopkins distilling bulb which was 
connected to a condenser. The solution was distilled into a flask 
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containing standard (approximately 0.1 Nn) NaOH until it no 
longer came over acid to litmus. Phenolphthalein was added to 
the receiver and as the color disappeared more standard alkali 
was added. The excess was titrated with HCl. The volume in 
the distilling flask was not allowed to become less than 150 ce., 
more water being added as needed. After volatile acids had been 
determined as above for normal, fat-free, and fasting experiments 
with cats, the data given by Lewkowitsch and Warburton (7), 
regarding the extent of evaporation of volatile acids, were noticed 
and it was realized that inasmuch as one lot of material containing 
volatile acid had been heated on the steam bath for four periods 
of at least an hour each, undoubtedly a large percentage and prob- 
ably nearly all the volatile acid had been lost. Also, it was 
found that when the liquors from the separation of the unsaponi- 
fiable and fatty acid fractions from the sham-feeding diet (acid 
with sulfuric acid) were distilled an amount of volatile acid as 
great as, or greater than, that recovered by the regular distillation 
was obtained, showing that an appreciable amount had been lost 
in the 50 per cent alcoholic solution at this point. It was neces- 
sary, therefore, so to modify the procedure as to prevent this 
loss of volatile acid and such a modification was attempted in 
working up the feces from the coconut oil diet. The feces were 
digested as before, but neutralized with 10 n H.SO, instead of 
HCl. It was found impossible to extract the fat from the first 
two samples neutralized, due to the formation of a stable emulsion. 
Centrifuging did not break the emulsion and filtration was tried, 
using suction. This was a slow process requiring 1} days and 
probably involved some loss of volatile acid, but it was possible 
to extract both the precipitate and the filtrate with little difficulty. 
This suggested the idea of filtering the material hot. . The neutral- 
ization heats the solution almost to boiling and while still hot it 
was poured on a suction filter and found to filter rapidly, the 
precipitate being sucked dry in less than 15 minutes. Without 
washing, the precipitate was transferred back to the digestion 
beaker, the funnel was thoroughly washed with ether into the 
beaker, the material stirred well, covered, and allowed to stand 
15 minutes when it was filtered and washed with ether until the 
filtrate came through colorless. While this ether extract was 
being concentrated the first filtrate obtained above was extracted 
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with ether and the ether added to the concentrate from the 
extraction of the precipitate. As before this extraction was 
continued until the ether came colorless. After the last extraction 
the solution was concentrated to about 50 cc. and transferred to 
the volatile acid distillation apparatus described above and dis- 
tilled in the same way except that a stronger (5 N) standard alkali 
was used, due to the greatly increased amount of volatile acid. 
The residue from distillation was extracted with fractol to give 
total lipoid minus volatile acid and the procedure from this point 
on for the separation of the various lipoid fractions was the same 
as above, with the omission, of course, of the distillation of 
volatile acids. 

It was essential to obtain some idea of the composition of the 
volatile acids in order that they might properly be reckoned in 
with the total lipoid. The titrated volatile acid distillates from 
the fat-free and coconut oil diets (dogs) were united, made alkaline, 
concentrated to about 200 cc., acidified with H.SO,, and extracted 
with fractol. The fractol solution was distilled in a small dis- 
tilling flask. About half the residue after the solvent had come 
off distilled between 150 and 175°, leaving non-volatile material 
behind which solidified on cooling. There is always in volatile 
acid distillations considerable white, flaky, insoluble material in 
the distillate and it was thought that this undistilled residue 
consisted of this neutral material. Some experiments show, 
however, that there is probably some fatty acid in this residue. 
This would probably not appreciably affect our results; but in the 
continuation of the work as we are now carrying it on more 
attention is being paid to the volatile fraction. The distillates 
were determined by the method of Dyer (8). The results obtained 
showed this material to be mainly butyric acid and it has been so 
computed in our tables. 

Separation of Solid and Liquid Fatty Acids.—The residue from 
the first volatile acid distillation was transferred to a separatory 
funnel and extracted with fractol. The unsaponifiable fraction 
was removed and the mixture of solid and liquid fatty acids was 
separated by the method of Twitchell (9) with a slight modification 
as follows: A sample of 2 gm., or the whole residue if less than that 
amount, was dissolved in alcohol (25 cc. per gm.), brought to a 
boil, an equal volume of boiling 3 per cent alcoholic lead acetate 
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solution added, and the whole boiled 2 minutes and allowed to 
stand overnight. 

Next day the flocculent precipitate was filtered, the filtrate 
tested for lead with alcoholic H:SO,, and the precipitate washed 
five or six times with small portions of alcohol. The precipitate 
was transferred quantitatively to the precipitation flask, a volume 
of alcohol equal to the total volume first used was added together 
with 0.5 ec. of glacial acetic acid, and the mixture brought to a 
boil and filtered from the tarry residue, which was washed twice 
with small portions of boiling aleohol. The filtrate was allowed 
to stand overnight and the precipitate which formed in it was 
filtered and washed three or four times with alcohol. The filtrate 
and washings were added to the filtrate from the first precipitation. 

The precipitate was transferred back to the precipitation flask 
with 50 ce. of ether and to this mixture were added 20 cc. of water 
and 0.5 ce. of nitric acid (sp. gr. 1.2). The flask was shaken 
gently to bring all the lead soaps into contact with the acid, the 
whole transferred to a separating funnel, the acid layer separated, 
and the ether solution washed with successive portions of water 
until it was alkaline to methyl orange. This usually required 
six or seven washings. The washed ether solution was distilled 
and the residue dried to give the solid fatty acid fraction. A 
melting point was taken of this fraction. 

Liquid Acids.—The combined alcoholic filtrates were distilled 
to about 10 cc. and 50 ec. of water containing 1 cc. of concentrated 
HCl were added. The lead chloride usually flocculated fairly 
well and caused no trouble, but sometimes it formed a fine sus- 
pension in the fractol used for extraction and it was necessary to 
centrifuge to clear it. Otherwise the solution was extracted by 
fractol as usual to give the liquid fatty acid fraction. 

The iodine number of this fraction was determined, using the 
Hanus method. 

A great deal of difficulty was experienced in working up the 
feces from the fat-free diet, due to the fact that after saponifica- 
tion and neutralization the whole mass formed a thick paste 
sttongly suggestive of starch paste. It was considered probable 
that this was actually due to unabsorbed starch in the feces. 
The only method of extraction that would work at all was the 
laborious one of stirring the mass as thoroughly as possible with 
ether and centrifuging to separate, and this process was used. 
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Probably the extraction was not complete in this series, due to the 
difficulties mentioned. Otherwise the method was as given 
above. 

The same method was used throughout in the sham-feeding 
experiment except that in the separation of neutral from fatty 
acid fractions, H2SO, was used to acidify instead of HCl. 

Fractionation of Liquid Acids.—In certain experiments the 
liquid acids in excess of the material required for the iodine 
number determinations were united and separated by the barium 
soap-benzene method as given by Brown and Beal (10) with 
modifications made necessary by the difference in amount. It was 
hoped by this process to separate the solid acids (carried through 
from the lead soap-alcohol separation) and the oleic from any 
more unsaturated acids which might be present. The modified 
method was as follows: 

The combined liquids were freed from fractol by short heating 
on the steam bath, weighed, and neutralized by half normal 
alkali. The acids were usually quite dark in color making the 
end-point difficult to see and usually a small excess of alkali was 
added. To this solution was added a 6 per cent solution of BaCle, 
slowly with stirring, until a sudden coagulation of the precipitate 
showed that an excess had been added. The precipitate was 
filtered, washed, transferred back to the precipitation flask, and 
heated } hour on the steam bath. The precipitate agglutinated 
and squeezed out some solution which was decanted. The 
agglutinated material was washed twice by decantation and then 
dried by an air jet. It was next treated with benzene containing 
5 per cent alcohol at the rate of about 7 cc. for each gram of acid 
being separated and refluxed until the material was almost or all 
dissolved. The solution was decanted and the flask washed by 
boiling up with small portions of benzene twice more. The 
decantate was placed in the ice box overnight. 

Next day the gelatinous precipitate was filtered and washed with 
benzene until the filtrate was colorless. The almost white precip- 
itate was decomposed by HCl (1:3) and extracted with fractol. 
The fractol solution was washed with water until barium-free, 
the fractol distilled, the residue dried, weighed, and the iodine 
number determined. 

The filtrate was also treated with HCl, boiled to remove the 
benzene, and after cooling extracted with fractol. This fractol 
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solution was washed to remove barium, the fractol distilled, the 
residue dried, weighed, and the bromo derivatives were made and 
separated by the method of Baughman and Jamieson (11) with 
the following change. The ether solution was washed with 
sodium thiosulfate, then water, the ether distilled, and the residue 
dried on the water bath and weighed. The ether-insoluble portion 
was a white solid, while the ether-soluble portion was a very thick 
dark syrup. 

In certain experiments bromine instead of iodine was used for 
the determination of the halogen absorption number with the 
intention of separating the resultant bromo acids. In the case 
of the coconut oil diet the combined chloroform residues were 
washed with water, the chloroform was distilled, and the residue 
dried on the steam bath. A tarry, unworkable mass, mostly 
insoluble in ether, was obtained and discarded. The chloroform 
residues of bromo acids from the fat-free, fasting, and olive oil 
diets (dogs) were washed with 5 per cent sodium thiosulfate solu- 
tion, water, and distilled in vacuum. The temperature remained 
below 20°C. throughout the distillation except near the end when 
it rose to about 30°C. The vacuum was about 80 mm. The 
residue was a thick syrup, fairly light in color, and was washed 
into a weighed centrifuge tube by dry ether (10 cc. per gram of 
liquid acids used for iodine number determinations) allowed to 
stand in the ice box overnight, and treated as in the procedure used 
above. The ether-insoluble portion was an almost black, amor- 
phous precipitate, while the ether-soluble portion was a thick 
dark syrup of the same appearance as that obtained by the other 
method. 

Bromine Determinations——These bromine derivatives were 
determined by the Parr bomb method as described by Brown and 
Beal (10). The solutions were standardized by NaCl and NaBr 
which had been dried at 110°C. for 12 hours and the method was 
checked by an analysis of pure p-bromoacetanilide and p- 
bromoaniline. 








| Theory. | Obtained. 
| per cent per cent E 
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p-Bromoacetanilide................2+00++ | 37.38 | 36.58 
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280 Fecal Lipoids 


The combustion mixture of the syrupy material was made by 
heating until it could be poured and then putting a layer of 
Na2O2, NaNO;, and sugar in the bomb, adding a drop or two 


TABLE X. 
Liquid Acids. 


| 
| 
| 
| 
| 
| 
| 
| 














n L : 1. . 1 
= S és EE 
aS zr) 25 2 
seiue| & ‘Se =e 
Diet. Method. “31 66 = a5 3 2.6 S 
eel “Ss! ¢ o2 s of | § 
ma | os 8 £2 Eo Ee 
wo} se] s = 5 Ie S 
2 @ o= 7 = = zs co 
= R 5 me 6 & 6 
‘ per per 
gm. gm, gm. cent gm as 
Otive oil. Ba soap- 


benzene. 5.167 1.257 62.53.3241.756 63.59 4.287.36.02 


Olive oil. From Is. 

No deter- 

mination. 0.874 0.0145 1.108 32.67 
Fat-tree. Be soap- 


benzene. 2.5640.31146.61.322,0.1506.64.94/1.807.34.46 
| | 
Fat-tree. From Is. 
No deter- | 


mination. |1.314 0.0536 48 .19,1.163 30.2 


— 


| 
Fasting. | From I». 
No deter- | 
mination. |2.538 0.0526 65 .35.3.296 30.13 
| 
Coconut oil. | Ba soap- 
benzene. |6.233,2.109'39.8 2.933 0.1762 62.74/4.286 32.70 





Bromine in Various Bromo Acids. per cent 
CisHsoBr,02 bocce 6). 600 0b 6 6wke 69600 056060680600 00600 40606808 63.32 
CisHg2Br,O2 TT RE LE CRRA CLITA LTA TELL LTT Tere TT 53.33 
CygHosBreO2 Tere ee eT TE CE TUTTE TCT Cee TC Tr Teer 65 io 
es. asia alien euieed cay dae ORES akin 4 ae 55.94 
CisHs«Br202 Rhee Aha 6S NH 0 OO RON ORS OE 0 Oe ee ee eckek Oe 36.19 
CisHsoBr202 aaa es ated Rig eee Wel ae Bie eee el bal 6 Oo 6 ort 00 eS eee 38 64 


of the bromide, covering with another layer of NazQs, ete., and 
finally shaking thoroughly. The results of this work are tabulated 
in Table X. The data from the feeding experiments are con- 
tained in Tables I to IX. 
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volatile acid was lost in evaporating to dryness before the tota 
lipoid was weighed. The very large amount of volatile acid ob- 
tained from the coconut oil diet indicates either that the cats 
normally excrete a large amount of volatile acids or they do not 
handle well the volatile acids of coconut oil. If the first of these 
possibilities is true, the loss of this volatile acid would have a very 
appreciable effect on the total lipoid. Consequently, no definite 
conclusions can be drawn from these figures or the various percent- 
age figures depending on them, and the greater weight in analysis 
and interpretation will therefore be given to the later experiments 
and especially to those with dogs. The unsaponifiable fraction 
and the solid and liquid fatty acid fraction should not, however, 
be affected by this loss of volatile acid. It may be noted here that 
the proximate analysis of the feces fat differs markedly from that 
of the food fat. 

Total Lipoid.—On a fat-free diet there is but slight decrease in 
total lipoid from the amount excreted in a high fat diet. 

On a sham-feeding diet there is a marked decrease in the total 
lipoid, but still an appreciable amount is excreted. 

The excretion on an olive oil diet is considerably higher than 
on a coconut oil diet, but this is due almost entirely to an increased 
value of the unsaponifiable fraction. The non-volatile and volatile 
fatty acid fractions are only slightly greater. 

There appears to be no relationship between the weight of the 
animal and the amount of lipoid extracted. 

Even with the probable loss of considerable volatile acid the 
cats excrete far more lipoid per unit body weight than the dogs. 
In this connection attention is directed to the fact noted above 
that the cat feces tended to be more fluid than those of the dogs 
which would make possible a sweeping out of some material which 
might otherwise have been absorbed. The fact that the lipoid 
excretion is greater per kilo for cats even in fasting and on the 
fat-free diet indicates that this lipoid does not necessarily arise 
from the food. 

Unsaponifiable Fraction —In the case of the cats the unsaponi- 
fiable fraction is highest on a sham-feeding diet, lowest on a fat- 
free, and intermediate on the normal and coconut oil diets, 
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indicating that an important source of unsaponifiable matter is 
tissue destruction which would be increased in fasting. It is 
noticeable that nearly as much unsaponifiable matter is excreted 
on a coconut oil diet as on a normal diet while the non-volatile 
fatty acid fraction is four times on a normal what it is on a coconut 
oil diet. 

In the dogs the amount of the unsaponifiable fraction varies 
as the total lipoid. The percentage amount is higher in the sham- 
feeding and olive oil diets than in the other two. 

Holmes and Kerr (2) have reported that the ether-soluble un- 
saponifiable matter of human feces consisted largely of coprosterol, 
indicating that the origin of this fraction was the sterols of the 
food. No examination of this material was made in the present 
work, but it is hoped to report on it later. 

Non-Volatile Fatty Acids.—The non-volatile fatty acid fraction 
varies as the total lipoid; but there is almost as much excreted on a 
coconut oil as on an olive oil diet. This makes the percentage 
amount higher on the coconut oil diet. It is low on sham-feeding. 

The melting pvuints of this fraction are remarkably constant at 
about body temperature. The one exception (fat-free diet in cats) 
where the material remained liquid may be due to a larger per- 
centage of volatile acid remaining in this fraction. The similar 
fraction of fatty acids from the blood melts at about the same 
point (6) which leads to the suggestion that since the solid acids 
and their esters are difficult to transport because of their high 
melting point, the amount of solid acid present in these mixtures 
is about the maximum that can be carried at body temperature 
without solidification. 

Volatile Fatty Acids——The volatile acid fraction varies also as 
the total lipoid; but, in the dog, there is very little difference 
between the fat-free, coconut oil, and olive oil diets. The per- 
centage is high on the fat-free and low on the olive oil diet. In 
the case of some dogs the volatile acid is highest on a fat-free diet. 
The large amount of volatile acid from the coconut oil diet in 
cats is remarkable, being over twice the excretion from any of the 
dogs. It was the only cat experiment run by the corrected method 
used on the dog runs and is, therefore, comparable to the latter. 

Total Fatty Acids.—The total fatty acids follow the same order 
in amount excreted as the total lipoid. The percentage amounts 
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in the olive oil and sham-feeding diets are low due to the higher 
percentage of unsaponifiable substance. 

Solid Fatty Acids.—The solid acids in dogs follow the same order 
as total lipoid except that they are much higher on a coconut oil 
diet and much lower on an olive oil diet. The percentage of total 
lipoid is also much the highest on a coconut oil diet and lowest on 
an olive oil diet. 

The melting points of this solid fraction are fairly constant, 
averaging about 50°C. The melting points of the same fraction 
from the blood average about 55°C. (6). 

Liquid Fatty Acids—The order in the amounts of the liquid 
acids excreted is the same as in total lipoid, the highest being 
excreted on an olive oil diet. The percentage, liquid fatty acids 
of total lipoid, is almost constant, but somewhat higher on an 
olive oil diet. 

The ratio of liquid acid to solid acid in the non-volatile acid 
fraction lies between two and three in all experiments on both 
cats and dogs, except the two coconut oil diets, where it is less 
than two (a little above one in the case of the dogs) and in the 
olive oil and sham-feeding experiments in dogs where it is more 
than three. (The ratio of liquid to solid acids in the blood 
averages a little over three (6) ). The high ratio in the fasting 
experiment may be due to experimental error in the separation 
of the small amounts of acid found here. The high ratio on the 
olive oil diet is the result of a low excretion of solid acids and a 
somewhat higher excretion of liquid acids, while the low ratio on 
the coconut oil diet is due to a slightly lower liquid acid excretion 
and a much higher solid acid excretion. The diet seems to show 
its effect much more on the solid acids than on the liquid acids, 
due to the possible greater utilizability of the liquid acids. 

The iodine numbers of the liquid acids are fairly constant be- 
tween 70 and 100 and appear to bear no relationship to the fat of 
the food. 

The liquid fatty acid fraction was separated into its constituent 
parts by the barium soap-benzene method described above. 
The results of the division are given in Table X. As may be seen, 
the separation and analysis indicate that the fraction consists 
mainly of oleic acid with a small amount (generally less than 10 
per cent) of Cis or Cy. acids containing three double bonds. The 
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fact that any amount of highly unsaturated acid should escape 
oxidation during the long series of operations necessary for its 
isolation is remarkable and indicates that the amount of these 
unsaturated acids is probably much larger in the fresh feces. 


DISCUSSION. 


There are at least four sources of fat in feces: intestinal bacteria, 
desquamated intestinal cells, unabsorbed lipoid residues from the 
food, and excretions from the blood either directly or indirectly 
through the bile and other digestive secretions. 

Nothing is known concerning the lipoid content of intestinal 
bacteria or of intestinal cells, but the assumption that feces fat 
comes from these materials would perhaps explain the lack of 
relationship between the weight of the animal and the amount of 
fat excreted, since these factors would be expected to act irregu- 
larly. On a sham-feeding diet the desquamation of intestinal 
cells would be expected to be nearly as great as on a nutritive 


ration due to the mechanical action of the agar and bone ash, | 


but the bacterial products would be expected to be less, due to 
lack of material on which the bacteria could work. It is probable 
also that there would not be a normal flow of digestive secretions, 
even though the mechanical stimulus of material in the intestine 
is present. On this sham-feeding the total lipoid is very low 
although the relations between the lipoid constituents are not 
markedly different from those on the diets. 
In confirmation of the work of Hill and Bloor (1) and Holmes 
and Kerr (2) which gives evidence against the source of feces fat 
in unabsorbed food residues, may be listed the high excretion on a 
fat-free diet, the appreciable excretion on a fasting diet, and the 
lack of similarity in composition between the food fat and feces 
| fat. On the other hand, the food exercises some influence on the 
feces fat as is evidenced by the low excretion by fasting animals, 
the high excretion of solid acids on a diet high in solid acids, the 
increased excretion of liquid acids on a diet high in liquid acids, 
and possibly the high excretion of unsaponifiable material on an 
olive oil diet, due to unsaponifiable material in the olive oil. 
4 These phenomena may, however, be explained on another basis, 
as will be shown below. 
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The most probable source of feces fat seems to be excretion 
from the blood either directly or indirectly as is evidenced by 
similarity of the fecal lipoids to those of plasma in the ratios of 
liquid to solid acids in the non-volatile fraction, in the melting 
points of the non-volatile fraction and its solid component, and 
in the relatively constant composition of the liquid acid fraction. 
The iodine numbers of the liquid fraction from feces are lower 
than those of the blood, but this may be due to delay and exposure 
to oxidation incident to collection. The intestine appears to 
have some reducing power as is shown by the reduction of 
cholesterol to coprosterol (2) and this may account for the satura- 
tion of some of the double bonds. 

If we assume that feces fat originates in excretion from the blood, 
there are two possible ways in which it may occur. It may be a 
true excretion of unusable material—waste fat from lipoid me- 
tabolism—in which case, we would expect the fat excreted to 
reflect in kind the fat metabolized; for example, a high excretion 
of solid acids on a diet high in solid acids. The low excretion in 
fasting would be explained as an attempt by the organism to 
conserve its resources by burning lipoid which on an adequate diet 
it would excrete. 

On the other hand, the excretion may be considered as a leakage 
of usable fat due to fat plethora analogous to the leakage of amino 
acids through the kidney or the alimentary glycosuria which occurs 
on high sugar intake. If this is true, we would expect the lipoid 
excreted to reflect in kind the lipoid carried by the blood, and 
although we have no data bearing directly on the question we 
would expect the lipoid of the blood, during absorption at least, 
and probably at all times, to be similar to, or at least to be in- 
fluenced by, the lipoid of the diet. This again would explain 
the points in which the feces fat appears to be affected by the fat 
of the diet. This conception might explain too the lack of any 
relationship between the weight of the animal and the amount 
of fat excreted, since such a leakage might be expected to depend 
on the nutritive condition of the animal and the permeability of 
the intestinal tract and so to vary with different animals and 
from time to time. 

The excretion of unsaponifiable material by cats calls for com- 
ment. The fact that it is highest on a sham-feeding diet points 
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to the origin of part of it at least in tissue destruction. In dogs, 
however, this is not so evident, although the high percentage in 
sham-feeding indicates a similar condition. The unsaponifiable 
material is also high in percentage on an olive oil diet, but this 
may be due to the influence of unsaponifiable material in the oil. 
The high percentage of unsaponifiable material on these twe diets 
tends to lower the percentage of the various fatty acid fractions 
throughout. 

The high excretion of volatile acids by cats on a coconut oil 
diet and the attendant decrease in non-volatile acids may show 
that the cats cannot handle the coconut oil well. The dogs appear 
to assimilate it as well as olive oil since there is no increase in 
volatile acid even though the diet contains a much higher per- 
centage of coconut oil. In fact, the volatile acids in dogs are 
remarkably constant except on a fasting diet. The highest 
percentage excretion is on a fat-free diet containing large amounts 
of carbohydrate and may possibly be explained by butyric acid 
fermentation of the carbohydrate by bacteria. The work is 
being continued. 


SUMMARY AND CONCLUSIONS. 


Feces “fat’’ from cats and dogs, fasting and on standard diets, 
has been separated into fractions and the composition of these 
fractions studied with special reference to the source of the fatty 
material. 

That it does not arise directly from unabsorbed fatty material 
from the food is shown by the following facts. In many cases 
almost as much fatty material appears in the feces on a fat-free 
as on a fat diet. There is a considerable output in fasting which 
is similar in properties and in the relations of its components to 
that excreted when food was given. The composition of the food 
fat is different from that of the feces fat. 

The influence of fat in the diet is, however, shown by the in- 
creased excretion of the solid fatty acids on a diet high in solid 
acids and a similar increase of liquid acid excretion when the food 
contains large amounts of liquid fatty acids. The effects of food 
is shown by the much greater lipoid excretion on a fat-free diet 
over that on fasting. 
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There is a marked similarity between the blood and fecal 
lipoid with regard to the ratios of solid to liquid fatty acids and 
the melting points of the non-volatile fatty acid fraction and its 
solid component which makes it probable that the fatty material 
of the feces has its origin largely in the blood. 

No definite relation between the weight of the animal and the 
amount of excreted lipoid could be demonstrated. 

The presence in feces of small amounts of an eighteen carbon 
fatty acid with three double bonds was shown. 
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THE DETERMINATION OF IODINE IN FOOD, DRINK, 
AND EXCRETA. 


By J. F. McCLENDON. 


(From the Laboratory of Physiological Chemistry, The University of Minnesota, 
Minneapolis.) 


(Received for publication, March 31, 1924.) 


The older determinations on minute quantities of iodine may 
be divided into two classes: those that gave too high results, 
and those that gave negative results. There is certainly room 
for improvement in methods, but the method described in this 
paper is believed to be the most accurate now known. The pos- 
sible error depends on the percentage of iodine. The adequacy 
of the method is based on two criteria: first, the yield is in direct 
proportion to the size of the sample, and second, iodine added 
in inorganic form is recovered. 

This work was done entirely independently of that of von Fel- 
lenberg who designed a somewhat similar method.’ It is signi- 
ficant also that von Fellenberg had difficulty with losses of iodine 
in ashing: 


“Seit Beginn meiner Arbeiten sehe ich die grossen Schwierigkeiten, die 
darin liegen, die organischen Substanzen vollstindig zu verbrennen ohne 
dabei Jod zu verlieren. Die Verbrennung in einem Rohr schwebte mir 
auch als Ideal vor; . . . . Nunsehe ich, dass Sie das Problem gelést 
haben. Wenn ich dazu komme, werde ich gerne nach Ihrer Methode Ver- 
suche unternehmen. 

“Tech suchte den Jodverlust bis jetzt zu vermeiden durch verhiltnismis- 
sig grosse Zusiitze von Pottasche. Dadurch wird aber die Verbrennung 
erschwert, so dass man die Kohle meist noch zwei mal mit Wasser aus- 
ziehen muss, um sie ganz zu veraschen. 

‘Bei den meisten Substanzen scheint mir diese Methode ziemlich sicher 
zu sein; bei NaCl-haltigen Materialien, wie Harn, sind die Verluste schwerer 
zu vermeiden.”’ (Private commuuftation from von Fellenberg.) 





1 von Fellenberg, T., Untersuchung iiber das Vorkommen von Jod in der 
Natur, Mitt. Gebiete der Lebensmitteluntersuch. u. Hyg., 1923, xiv, 161. 
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Some points on the difficulties of ashing may be considered. 
Sérensen observed that the total solids of sea water could not be 
estimated by the method of “ashing.” In 1908 I observed 
that on the evaporation of sea water, certain secondary reactions 
took place. These observations were extended? in 1916, but per- 
haps all that it is necessary to mention here is that when sea 
water is evaporated nearly to dryness, hydrochloric acid is given 
off, although at the beginning of evaporation in these experi- 
ments the pH was 8.2 and this increased in value for a consider- 
able period. Since hydrochloric acid is given off, it is probable 
that at a certain stage the pH is just right for the reaction 
between iodate and iodide to liberate iodine, according to the 
reaction IO, + 6H* + 5I- = 31, + 3H.0. Furthermore, if any 
excess iodide (which is improbable) remained, some of it might 
be evolved as hydriodie acid; any remaining as iodate would be 
retained completely in the salt if the temperature did not exceed 
110°. In evaporating sea water to retain all of its constituents, 
it was not evaporated to dryness, but was bottled in the wet 
stage. In 1920 it was pointed out that iodine in sea water might 
be utilized for the nutrition of the thyroid gland.** It must be 
admitted, however, that the method described retained only part 
of the iodine in sea water as iodate. A better method was de- 
scribed in 1922, by the addition of enough soda to precipitate all 
the calcium and magnesium as carbonates before evaporation.' 
This method was checked by determinations of iodine in sea 
water, and the iodine in the salt. 

In the presence of much organic matter in a sample for iodine 
determination, however, large quantities of CO, and other organic 
acids are produced in the ashing, and it is very difficult to prevent 
entirely the loss of iodine merely by the time-honored method 
of adding alkali before ashing. Furthermore, this alkali inter- 
feres with the ashing process, and since in many foodstuffs it is 
required to use a sample weighing several kilos in order to ob- 


2? McClendon, J. F., Gault, C. E., and Mulholland, 8., The hydrogen ion 
concentration, CO, tension, and CO, content of sea-water, Carnegie Inst. 
Washington, Pub. 251, 1917, 39. e 

§ McClendon, J. F., J. Biol. Chem., 1921, xlvi, p. xxvii. 

4 McClendon, J. F., Science, 1922, lv, 358. 


5 McClendon, J. F., Science, 1922. lvi. 269. 
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tain enough iodine for a quantitative a Tr) rocess of 
ashing with large additions of alkali is very tedious and expensive. 
Kendall® greatly improved the technique of determining iodine 
in organic matter, and his method was tried on cereals,’ but it 
was found that the iodine was too low for Kendall’s method, since 
if the size of the sample was increased, the size of the yield was 
not increased in proportion. A method was tried to reduce the 
content of organic matter by the addition of yeast, then driving 
off the water after making the sample alkaline, and in the com- 
bustion passing the fumes through an alkaline solution to catch 
the iodine.’ Later developments have omitted the fermentation 
but depended on the alkaline solution to prevent loss in ashing. 
Many methods of ashing were tried. It was found that samples 
containing relatively large amounts of iodine could be ashed in 
the bomb of a calorimeter. In increasing the size of the sample, 
however, up to about 25 gm., the ignition plug of the bomb blew 
out. If the organic matter was small in amount as in water 
residues, it would not burn in the bomb. A very heavy steel 
bomb was made and heated from the outside to burn water resi- 
dues. A number of analyses were made in this way, using a 
copper-asbestos gasket to prevent the escape of iodine during 
the heating. This method, however, was given up. Cereals 
were destructively distilled in a steel retort, passing the gas 
through an alkaline solution, but the difficulty in ashing the 
remainder was almost as great as ashing the whole sample. There- 
fore, the following procedure was adopted as the final method. 


6 Kendall, E. C., J. Biol. Chem., 1914, xix, 251. 

7 McClendon, J. F., and Rask, O. 8., Proc. Soc. Exp. Biol. and Med., 
1922-23, xx, 101. 

8 McClendon, J. F., J. Biol. Chem., 1923, lv, p. xvi. 

® McClendon, J. F., and Williams, A., Proc. Soc. Exp. Biol. and Med., 
1922-23, xx, 286. 

1° McClendon, J. F., and Williams, A., J. Am. Med. Assn., 1923, Ixxx, 
600. 

11 McClendon, J. F., Proc. Soc. Exp. Biol and Med., 1922-23, xx, 351. 

12 McClendon, J. F., Science, 1924, lix, 21. 

13 McClendon, J. F., and Hathaway, J. C., Proc. Exp. Biol. and Med., 
1923-24, xxi, 129. 

14 McClendon, J. F., Hathaway, J. C., and Netz, L., Proc. Soc. Exp. Biol. 
and Med., 1923-24, xxi, 347. 
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Method of Iodine Determination in Water. 


The unique characteristic of this method is the use of the com- 
bustion tube and micro colorimeter. In case of water samples 
it is necessary to use at least 100 liters unless the iodine content 
is high. This is made alkaline with the addition of sodium car- 
bonate, sodium bicarbonate, or sodium hydroxide, and it must 
remain alkaline to phenol red paper during the entire period of 
evaporation. The easiest method of evaporation is to insert a 
1 inch pipe into a barrel, place the water in the barrel and lead 
the pipe down into a large dish-pan into which 2 gm. of sodium 
bicarbonate have been placed. By means of a very large gas 
flame, or other heater, evaporation is quickly effected. It is not 
probable that any iodine is acquired from the gas since practically 
all the iodine in coal remains in the coke and in the ammoniacal 
liquids of the gas works. If any escape these, they would be 
caught in the lime over which the gas is passed in purification. 
Since ordinary coal gas contains some water gas, the carbon 
monoxide should reduce any iodine to iodide and prevent it 
from evolving in a vapor state. Another convenient method of 
evaporation is as follows: A zine tank in which 100 liters could 
be accurately measured was rigged up with a float valve to deliver 
the water to the dish-pan, and attached to this float valve was 
a trigger to turn off the gas when the evaporation was completed. 
By this method the water is evaporated to about 1 liter. A con- 
siderable amount of carbonates of alkaline earths are incrusted 
in the pan or; precipitated to the bottom. These are filtered off 
as it was found they never contained more than 2 per cent of 
the iodine. The sample is then evaporated to dryness, powdered, 
and placed in the boat, D (Fig. 1). This boat is best made of 
silica, but a sheet of nickel or even iron can be used. The boat 
is inserted into the silica tube, C. (A Pyrex tube may be sub- 
stituted for this silica tube, but is not so convenient.) 10 cc. 
of a 10 per cent sodium hydroxide solution are placed in the Pyrex 
test-tube, B. The end, A, of the silica tube is inserted into this 
sodium hydroxide solution. The water-cooled stopper, F, 
closes the other end of the silica tube. Through a glass tube 
passing through the stopper, F, a stream of oxygen is passed 
over the sample and out through the sodium hydroxide solu- 
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tion. The silica tube is heated to dull redness for the shortest 
length of time required to burn all the organic matter in the sam- 
ple. This varied with the depth of the layer of powder and the 





Fic. 1. Apparatus for determining iodine in water residues. 
A-C = Silica combustion tube. 


B = Pyrex tube containing alkaline absorption solution. 

D = Combustion boat. 

E = 12 ce. separatory funnel. 

F = Water-cooled rubber stopper admitting oxygen into silica tube. 
G = Colorimeter cups holding 1 cc. at 2 em. depth. 

H = Bausch and Lomb micro colorimeter. 


proportion of organic matter in water. If on removing it from 
the tube it is not completely burned, it can be reinserted and 
the operation repeated. In case the water cooling was not ef- 











294 Iodine in Food, Drink, and Excreta 


fected on the rubber stopper, it sometimes caught fire. The 
water cooling device is simply a piece of tin or lead pipe 5 mm. 
in diameter inserted through one hole, looped around and passing 
out another hole in the rubber stopper. The passing of cold 
water through this tube shielded the stopper from the great 
heat. This shielding is not necessary in the ordinary combus- 
tion tube, but by means of this water cooling device it is possible 
to use tubes of much larger diameter and shorter in length, there- 
fore more easily handled. The ash is powdered, and the sodium 
hydroxide solution together with the rinsings of the tube are 
evaporated to dryness and powdered and then both mixed in the 
mortar. A measured portion of water (for instance, 15 ec.) is 
added and the powder ground in the water so as to extract the 
iodides and iodates. This is filtered and an accurately measured 
aliquot taken (for instance, 7.5 ec.). This aliquot is neutralized 
with concentrated hydrochloric acid and the volume made up 
to 10 cc. It is then placed in the 12 cc. separatory funnel, 2 
(Fig. 1), and 1 drop of concentrated hydrochloric acid and 1 ce. 
of purified carbon tetrachloride are added and the funnel is shaken. 
If any pink color appears it denotes that iodate as well as iodide 
is present in the ash. 1 drop of 0.1N arsenous acid is added and 
allowed to remain for 20 minutes. This is to reduce any excess 
iodate that might be present. 1 drop of nitrosyl sulfuric acid 
is added to oxidize iodide to iodine and the separatory funnel 
shaken hard for 2 minutes to extract the iodine. The carbon 
tetrachloride is allowed to run into a glass-stoppered bottle and 
centrifuged for 1 minute to remove any water droplets. It is 
then transferred to one cup of the Bausch and Lomb micro color- 
imeter, H, and into the other cup is placed carbon tetrachloride, 
1 ce. of which contains 0.1 mg. of pure iodine. This micro color- 
imeter has the advantage of measuring very small amounts of 
iodine, since 1 cc. of carbon tetrachloride fills the cup to the 
depth of 2cm. The iodine extracted is determined colormetri- 
cally and another cubic centimeter of carbon tetrachloride added 
to the separatory funnel and another extraction made and deter- 
mined in the colorimeter. By repeated extractions practically 
all of the iodine may be recovered and measured and the results 
of the different extractions added together to determine the 
amount in the aliquot, and knowing the relative volume of the 
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aliquot, the iodine in the total sample may be calculated. It 
was possible to obtain a fair degree of accuracy with a single 
extraction on the assumption that about 80 per cent of the iodine 
in the separatory funnel was extracted from 10 ec. of an aqueous 
solution by 1 ec. of carbon tetrachloride. The partition coef- 
ficient of iodine between these two solvents varies with the elec- 
trolyte content of the water. In some cases as high as 86 to 
87 per cent of the iodine was obtained in the first extraction. 
Under uniform conditions a factor can be determined for this 
partition coefficient and one extraction is all that is necessary. 

It is always possible to have the water phase saturated with 
NaCl, and if other electrolytes are small in amount, the condi- 
tions approach uniformity. 

Carbon tetrachloride contains reducing substances which must 
be removed. The simplest method is to take an entire drum of 
the commercial product, place it in a large glass vessel in the 
sunlight and add bromine to it as this bromine is decolorized, 
for several days or until it will remain for several hours without 
diminution in the bromine color. The excess bromine must be 
removed in some way as by shaking the carbon tetrachloride 
with an alkaline solution. After this it is washed with pure 
water several times or continuously by inserting a tube to the 
bottom and allowing pure water to bubble up through it. The 
water is then separated off, and plaster of Paris added to absorb 
the remaining water. It is then filtered through paper and dis- 
tilled. It is usually found that some water and other impuri- 
ties come off in the first portion of the distillate, and this is re- 
jected. It is also necessary to stop the distillation before the end 
to guard against the effect of excessive heating on non-volatile 
impurities. Carbon tetrachloride is stored in the dark. 

Iodine is purified by mixing it with KI, subliming it, then re- 
subliming it, and drying in a desiccator. With this iodine dis- 
solved in carbon tetrachloride that has been treated in the above 
manner, the color gradually changes from a pink to a yellowish. 
This yellowish substance is apparently a compound of iodine and 
chlorine, but whatever be its nature, its development must be 
prevented. This is most easily done by overlaying the iodine 
solution in carbon tetrachloride with a layer of water containing 
1 drop of nitrosyl sulfuric acid in 50 cc. and containing iodine at 
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the same solution tension as that in the carbon tetrachloride. 
If iodine in carbon tetrachloride is sealed in glass tubes, the color 
disappears entirely in a few minutes and cannot be brought back 
by shaking with oxidizing or reducing solutions, but if after 
placing the carbon tetrachloride solution in the tube, it is over- 
laid, as is directed above, with an aqueous solution, the sealing 
-an be effected without bleaching of the iodine. The reason for 
this is probably that the vapor of carbon tetrachloride is over- 
heated during the sealing and the reaction products react with 





Fic. 2. Apparatus for combustion of large quantities of organic matter 
preliminary to iodine determination. 


A = Water-cooled rubber stopper. 
B = Silica combustion tube, 10 em. bore. 
C = Absorption apparatus containing alkaline solution. 


D = Cooling coil. 
the iodine, whereas the overlying aqueous solution prevents the 
evaporation of carbon tetrachloride and prevents any of its vapor 
from being overheated. Directions for preparing the reagents 
may be found in Treadwell and Hall." 
Determination of Iodine in the Presence of Large Quantities of 

Organic Matter. 

This method is the same as that described above with the ex- 
ception of the first ashing process. It is sometimes necessary 
to use several kilos of foodstuff in order to obtain 0.01 mg. of 


1S Treadwell, F. P., and Hall, W. T., Analytical chemistry. Qualita- 
tive analysis, New York and London, 5th edition, 1921, i, 350, 369; 
Analytical chemistry. Quantitative analysis, New York and London, 
4th edition, 1915, ii, 646, 651. 
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iodine. Food is placed on a piece of sheet iron in thé large silica 
tube, B (Fig. 2). This tube is 10 em. bore and more than a meter 
long. The length, however, could be greatly reduced. In the 
smaller end of this silica tube is inserted a double coil of tin or 
lead pipe, D, through which cold water is circulated. 1 liter of 
10 per cent NaOH solution is placed in the Pyrex absorption 
vessel, C, and this is adapted over the downwardly directed end 
of the silica tube containing the cooling coil. It is practically 
necessary to have a notch or separate opening at the top of the 
absorption vessel, C, through which the cooling tubes can pass. 
A separate opening can be made air-tight by means of a double 
bored rubber stopper which is either passed downward over the 
free ends of the cooling tubes or is fitted around them by split- 
ting it. The opening between the silica tube and the vessel, C, 
is closed by means of a wet mass of asbestos fibers. By means 
of a side neck on the vessel, C, connected with a rotary exhaust 
pump, a very rapid air current is sucked out of the silica tube and 
through the alkali solution. At the same time, cold water is 
passed through the cooling coil. Oxygen is allowed to spurt into 
the open end of the tube, B. By means of a gas flame the mate- 
rial in the tube, B, is ignited. The combustion is always very 
rapid and it is necessary to use a great deal of oxygen in order 
to accomplish complete combustion. This necessitates a very 
rapid action of the air pump in order to draw out all the products 
of combustion through the alkaline solution. It is then difficult 
to get complete absorption and it is practically necessary to 
insert an additional absorption vessel between the vessel, C, and 
the air pump. The most rapid portion of the combustion proc- 
ess is usually completed within half an hour. [If it is desired 
to slow up this process the sample may be divided and only part 
of it inserted at a time. In case of a liquid like cod liver oil it 
is impossible to get complete combustion if the whole sample is 
placed in the tube at once. The only practical method is to 
drop or spray it into the tube during the combustion. 


During the earlier experiments the air pump was not used, but the large 
end of the silica tube was closed by means of the water-cooled rubber stop- 
per, A, and the pressure of oxygen from the tank was depended on to force 
the products of combustion through the alkaline solution. It was neces- 
sary to ignite the sample after inserting the rubber stopper either by means 
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of electric wires or by means of a gas flame inserted through a little hole 
closed by a silica stopper. If the oxygen was not forced in with sufficient 
rapidity, an explosion was liable to result which would blow out the rubber 
stopper; therefore, the suction method was substituted. The mixing of a 
little air with the oxygen is not at all objectionable. 


After the volatile products are consumed the carbon is burned 
more slowly and it is then necessary to apply external heat to 
the tube. Ifthe ash is reduced to relatively small volume it is 
sometimes preferable to stop the combustion in this large tube 
and grind the ash to a powder and complete the combustion of 
the remaining particles of carbon in the smaller tube used for 
water residues. The sodium hydroxide solution and rinsings of 
the tube are evaporated to dryness and usually contain some 
unburned organic matter. This may be burned in the smaller 
tube used for water analysis. The remainder of the analysis is 
the same as that for water analysis given above except that the 
large volume of ash may require a larger portion of water for 
extraction and the aliquot transferred to the separatory funnel 
may necessarily be a smaller fraction of the total. It is very 
desirable to have a small ball mill for grinding the ash with water. 


If only a few analyses are to be made it is possible to use a Pyrex combus- 
tion tube. The cracking of the Pyrex tube where the hot portion reached 
the alkaline solution was avoided in a number of experiments by wrapping 
a section of the Pyrex tube with a thin sheet of asbestos paper, then winding 
around it about fifteen turns of small lead pipe through which cold water 
was flowing during the whole process of combustion. 


It is easily possible to detect 0.001 mg. of iodine in 1 ce. of 
carbon tetrachloride and make a roughly quantitative determi- 
nation of it in the micro colorimeter. It is desirable, however, 
to have 0.01 mg. of iodine or a greater quantity in the sample 
used for analysis. Sometimes there is a slight yellowish tinge to 
the carbon tetrachloride used in extracting the iodine. It is 
sometimes possible to make a determination even in this case 
by transferring this carbon tetrachloride into another small sep- 
aratory funnel together with 1 cc. of water and 1 drop of 0.1 N 
sulfurous acid. On shaking, all the iodine will pass into the 
sulfurous acid as iodide. The carbon tetrachloride is now with- 
drawn, and about one-tenth of a drop of nitrosyl sulfuric acid 
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added together with 1 cc. of pure carbon tetrachloride. On 
shaking, the iodine will now pass into the carbon tetrachloride 
and it may happen that the yellow color does not develop, but 
only the pink color of the iodine remains. Much trouble that 
might arise in the determination may be attributed to failure to 
obtain complete combustion of organic matter, and if the deter- 
mination is repeated and care taken that the final alkaline solu- 
tion used in absorption is free from organic matter, the analysis 
will usually be normal. 
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THE CREATINE CONTENT OF BRAIN. 


By VICTOR JOHN HARDING anp BLYTHE ALFRED EAGLES. 


(From the Department of Pathological Chemistry, University of Toronto, 
Toronto, Canada.) 


(Received for publication, April 14, 1924.) 


There are no systematic observations on the amount of creatine 
in brain. It is known to be present in that organ, for Beker (1) 
was able to isolate creatinine zinc chloride in characteristic form 
from ox brain; there are also a few scattered observations on its 
amount in brain. Thus, Beker gives the amount in ox brain as 
51 to 63 mg. of creatinine per 100 gm. of tissue. This amount 
presumably refers to the hemispheres as he mentions the cere- 
bellum and the white matter separately as containing 64 to 71 
and 48 to 56 mg. of creatinine per 100 gm. of tissue, respectively. 
The brain of the dog, according to the same observer, contains 
54 to 57 mg. of creatinine per 100 gm. of tissue. Beker’s figures 
are undoubtedly too low as we have been able to isolate from the 
cerebral hemispheres of the ox 95 to 96 mg. of total creatine per 
100 gm. of tissue as the relatively insoluble creatinine potassium 
picrate. Janney and Blatherwick (2) give the creatine content 
of dog brain as 110 to 124 mg. per100gm. Baumann and Hines 
(3) mention a dog brain and a beef brain as containing 120 and 
113 mg. of creatine per 100 gm. of tissue, respectively. 

It was partly with the idea of filling up this gap in our knowledge 
of the biochemistry of creatine that induced us to undertake a 
systematic investigation into the content of creatine in the brain 
of different animals. Thus it was of interest to see if the creatine 
content of the brains of different species varied in the same manner 
as the creatine content of the muscles. The effect of fasting, and 
of creatine feeding, on the creatine in the brain is a point also 
worthy of attention, when we remember the effect of these con- 
ditions on the creatine of the muscle. 
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Material. 


The brains of the sheep, pig, and cattle were obtained from the 
local stock-yards. The animals were killed in the forenoon, and 
we received the heads during the afternoon. The skull was 
opened and the brains were removed, weighed, and placed in 
5 N H2SO,, ready for hydrolysis, before night. The dogs, cats, 
and rabbits were laboratory animals; the cats and rabbits being 
used solely for this work and were carefully fed for some days 
previous to death. The dogs were animals which had been used 
for other experimental work. In all cases the brain was removed 
immediately after death. Autopsy material served as our source 
of human brain. 

Analytical Method. 


The analytical method used was that of Baumann and Hines 
(3) for the determination of total creatine in muscle, with suitable 
modifications of quantities. The brain, after removal from the 
skull, was separated into the hemispheres and cerebellum. The 
gray matter of the cerebral hemispheres was separated as far as 
possible from the white, pulped in a mortar, and about 5 gm. were 
weighed by difference into a small Erlenmeyer flask; 12.5 cc. of 
5 N H.SO, were then added. With the brains of small animals, or 
in examining the different parts of a larger brain, the gray matter 
was weighed directly after dissection. The Erlenmeyer flask was 
then attached to a reflux condenser and heated in a boiling water 
bath for 3 hours. The contents of the flask were filtered while hot 
into a 25 ec. volumetric flask, the Erlenmeyer flask and the small 
amount of residue on the filter being washed with small quantities 
of boiling water until the total volume of filtrate was 25 cc. 10 
ce. of this filtrate were pipetted into a 50 cc. volumetric flask, 
9 cc. of 2.5 n NaOH added, the solution was cooled and diluted 
to the mark with saturated picric acid solution, purified to give a 
minimum coloration with alkali according to Folin and Doisy (4). 
After thoroughly mixing, the precipitated proteins were filtered 
off, and 25 cc. of the clear filtrate were taken for the creatinine 
determination. This was carried out in a 100 ce. volumetric flask; 
3.0 ec. of 2.5 Nn NaOH were added to the 25 ce. filtrate and allowed 
to stand 10 minutes. It was then made up to the mark, read 
against the standard color similarly developed (using 15 cc. of 
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picric acid, water to 25 cc., and 2.5 ec. of 2.5 Nn NaOH), and placed 
at 10 mm. The standard usually contained 1 mg. of creatinine 
as creatinine zine chloride, prepared according to the directions 
of Benedict (5) or Edgar (6). In the case of some of the cerebellum 
determinations where much higher values were found the standard 
contained 1.6 mg. of creatinine and both the standard and the 
determination were made to a volume of 200 ce. 

We have examined the analytical method from the standpoint 
of the criticisms of Janney and Blatherwick and find that both 
acid and water extraction give the same result. We have isolated 
as potassium creatinine picrate 88 to 89 per cent of the expected 
creatine. The filtrate from the potassium creatinine picrate 
yielded a further 8 per cent of the expected creatine determined 
by the Jaffé color reaction. We do not take it that this 8 per cent 
of the creatine, as obtained by the Jaffé test on the potassium 
creatinine picrate filtrate, represents any substance other than 
creatine (or creatinine). Potassium creatinine picrate is not an 
absolutely insoluble salt; its solubility in water at 20°C. is 1 part 
in 554 (7). Its solubility in presence of excess of picric acid has 
not been determined, but it would be quite sufficient, even if the 
solubility coefficient were half its ordinary value, to account for a 
Jaffé test in the filtrate from the double salt to the extent we have 
found. 


Creatine Content of Brain According to Species. 


In Table I are collected the results on the different animals, 
and it will be seen at once that, just as in the amount of creatine 
in muscle, each species possesses an amount of creatine in brain 
characteristic for that animal. Thus the pig, cow, and sheep 
possess amounts of creatine in the hemispheres low in comparison 
with the rabbit, dog, cat, and man. The differences are more 
marked in the creatine content of the cerebellum of the different 
animals, man being in this respect markedly higher than the rest 
of the animals. The cerebellum of all animals is richer in creatine 
than the hemispheres. Undoubtedly the water content of the 
various brains is a variable factor influencing the results. We have 
determined at the same time the N content of the brain, and the 
ratio of the milligrams of creatine to 1 gm. of N is shown in Table 
II. With the exception of_the fetal calf (and here we had only 
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TABLE I. 





Animal 
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Total creatine. 





Cerebral 
hemi- Cerebellum. 
spheres. 





per 
mg. pe mg. per 100 gm. 





100 gm, 
106.6 123.7 
101.8 112.7 
106.7 114.3 
106.7 120.3 
102.8 117.0 
104.7 
104.9 117.6 
116.0 | 132.5 
113.8 138.2 
108.4 | 129.3 
101.8 | 120.0 
105.8 | 119.6 
99.5 | 126.4 
| 107.0 125.5 
101.7 | 117.1 
101.1 | 119.0 
106.1 125.3 
103.8 124.2 
106.0 128.6 
102.5 130.4 
100.3 135.1 
103.1 129.6 


71.0 95.6 
108.8 140.0 
104.4 121.1 
102.2 115.4 
Lost. 129.2 
117.8 | 148.4 
| 110.2 121.3 
| 115.2 140.7 
| 101.7 125.1 
108.7 130.1 


74.0 | Whole brain. | 


Total nitrogen. 








Cerebral 

hemi- Cerebellum. 
spheres. 

per cent per cent 
1.53 | 1.63 
1.54 

1.55 1.63 
1.52 

1.52 | 

1.52 | 

1.53 1.63 
1.74 | 1.74 
1.75 1.84 
1.58 1.74 
1.61 | 1.67 
1.7 1.72 
1.63 | 1.80 
1.55 1.64 
1.60 | 1.71 
1.66 1.85 
1.65 1.74 
1.64 1.66 
1.58 1.80 
1.43 1.71 
1.62 1.69 

= = = — 

1.57 | 1.71 


87 | Whole brain. 
0.91 | 


1.52 1.54 
1.48 1.49 
1.55 | 1.52 
1.48 | 

1.69 | 1.69 
1.61 | 1.72 
1.69 1.69 
1.64 1.64 
1.58 1.61 
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TABLE I—Continued. 
‘ Total creatine. } Total nitrogen. 
Animal. Cerebral | Cerebral 
hemi- | Cerebellum. | hemi- Cerebellum. 
spheres. | | spheres. 
pda mg. per 100 gm, percent | per cent 
Rabbit............... 1] 113.2 )] 
2 111.9 138.0 
3 116.1 
4] 117.5) 1.71 
5 114.2 142.3 1.73 
6 116.1 } 
Average...............| 114.8 140.2 1.72 | 1.86 
Se ee ee 1 132.3 164.6 1.85 1.93 
2 122.9 156.1 1.71 1.83 
3 120.3 155.4 
4 126.8 153.6 1.81 
5 115.3 147.3 1.74 
IN 565 iis 49 44094 123.5 155.4 1.77 1.88 
SE ocatcnwe Ce eee es 1 118.9 124.9 
2) 120.5 148.0 
3 117.3. | Whole brain. 
4 113.2 124.6 2.00 1.96 
5 116.1 131.0 1.62 1.67 
6 130.9 139.1 1.88 1.91 
7 111.4 134.0 1.74 
ee aS 133.6 1.81 1.85 
Man. 
Myocarditis........ 1 126.5 192.4 1.78 1.84 
Arsenic poisoning.. 2 | 127.1 1.79 
Stabbing, followed 
by acute perito- 
ree 3 119.1 187.8 1.77 1.95 
Fractured skull.... 4} 120.1 171.9 1.88 1.90 
5 127.9 168.7 
Pneumonia........ 6; 118.6 169.3 
Fractured skull. ... 7 119.6 166.2 
rer Met 176.0 1.80 | 1.89 
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one brain upon which to make a determination in the hemispheres 
separately), the amount of creatine per gm. of N is very constant 
in the hemispheres. The ratio is not so constant in the cere- 
bellum, and it is indubitably higher than in the hemispheres. 
The number of determinations on the cerebellum is very much 
smaller than on the hemispheres, because of the greater difficulty 
of obtaining sufficient material, and bearing this in mind it is 
probable that the ratio is a constant for the cerebellum also, but 
of greater magnitude. 

We have also determined the creatine content of the white 
matter of beef brain in two specimens. These were found to 
contain 81 and 86 mg. of creatine per 100 gm. of tissue. White 
matter would thus appear to contain far less creatine than gray. 
The N content of white matter was found to be 1.625 and 1.715 
per cent in the two specimens, respectively, making the relation- 
ship of milligrams of creatine to 1 gm. of N as 49.9 and 50.1. 
Probably the admixture of white matter with the gray may help 
to account for the difference in creatine content found between the 
hemisphere and the cerebellum, as although the white matter 
was dissected out in gross it is not possible to effect its complete 
separation. The cerebellum is known to possess a higher amount 
of gray matter than the hemispheres. 


Autolysis. 


The effect of even a short period of autolysis is to lower rapidly 
the creatine content of the brain and emphasizes the importance 
of obtaining strictly fresh material for examination. 








: Amount in Amount in 
Material. | hemispheres. | cerebellum. 
mg. per 100 gm. mg. per 100 gm. 
SEE Ee lee a a ee ee meer ar 119 169 
Pe, NOIR, 55.5.5 bcccomaennadsacs 115 158 





Another brain received in the laboratory 48 hours after autopsy 
and showing signs of putrefaction gave: hemispheres, 94 mg.; 
cerebellum, 139 mg. per 100 gm. It is also of interest to note that 
the brain of a case of encephalitis lethargica, which was received 
absolutely fresh, showed a lowered content of creatine—hemi- 
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spheres, 112 mg.; cerebellum, 158 mg. per 100 gm.—resembling 
normal brain after a short period of autolysis. The sections of 
this brain showed degenerative patches throughout the whole 
area. 








TABLE II. 
Animal. | ~.....% Cerebellum. 
mg. creatine per mg. creatine per 

igm.N 1gm. N 
ah EEC ATL? Gertie 68.5 72.7 
Be Slo d aig nia ane platelaaceed an ich Ades a wet 64.3 72.0 
eta e coe eae a veane cane rat pe weeen 65.6 76.9 

Or at cil oe Pat a ag hie ewan (82) 

EEE Ry eee Beer eee 68.8 80.8 
SE ee ee ee ae 66.7 75.4 
Ta a acne contain aaa iene ene ead hae 69.1 82.4 
CERES aera Np OR’ 65.3 72.2 
ale Siok sin Go eniieg os Gio aalee Gra Te RK elie 68.1 93.1 








Creatine Content of Lobes. 


We examined the creatine content of the different areas of the 
cerebral hemispheres of man to see if any difference would be 
detected between the motor areas and the so called silent areas. 














Creatine. 
Area. a. 

Pneumonia. [— 
aa. See, a ee mg. per 100 gm. mg. per 100 gm. 
RN Ss cig tii ke ee ne eed 118 113 
a i a gr a ee aie bias re hil 119 110 
A a oan delet waeu ek auek 117 110 
als oak ghuits Gi ckihec tule ewaa wad 119 114 








No difference in creatine content of the different lobes is to be 
detected, and it is to be noted that in the case of encephalitis 
lethargica the differing areas are equally affected. 
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Effect of Fasting and Creatine Feeding. 


The influence of fasting upon the creatine content of voluntary 
muscle is first an increase in the amount of creatine, followed by 
a diminution. This increase in the creatine content of muscle 
on fasting has been noted by Myers and Fine (8), and by Mendel 
and Rose (9), both sets of observers using the rabbit as the experi- 
mental animal. We have also used this animal. 

The animals were fed a liberal carrot diet for 3 days previous 
to a 3 day fast. Six rabbits were used for fasting, the six rabbits 
quoted in Table I acting as controls. The results are shown in 




















TABLE III. 
Fasting. | Creatine feeding. 
| Creatine. | Creatine. 
Rabbit No. | | Rabbit No. 
| Hemispheres. | Cerebellum. Hemispheres. | Cerebellum. 
| | 
mg. per | mg. per mg. per mg. per 
100 gm. 100 gm, 100 gm. 100 gm, 
1 109) 1 ) 
2 lll} 128 2 109 140 
“3 109 | 3 110 | 
112) 
5 111 }} = 140 
6 115} | 
Average..... 111 134 Average.... 110 140 
Controls.... 115 140 Controls... . 108 129 




















Creatine in muscle fasting 584 mg. per 100 mg. Average of 12 analyses. 
“ “ “ control 570 “ “ 100 “ “ “ 12 “ 





Table III, and although compared with the controls, the brains 
(both hemispheres and cerebellum) of the fasted animals contain 
a slightly lower content of creatine, yet we would not say that 
fasting diminishes the creatine content. The results are within 
experimental variation. For the determination of the muscle 
creatine a cross-section of the thigh of the rabbit was used for 
analysis, and here the results confirm those of previous observers. 
There is a slight increase in muscle creatine, which would appear 
to be just outside the range of experimental variation. Certainly, 
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centage of creatine in muscle. In studying the effect of cre 
feeding upon brain, we again used rabbits as the experime 
animals. Three rabbits fed on a liberal carrot diet were give 
0.125 gm. of creatine hydrate in 15 cc. of water by stomach tube 
twice daily. This is a very high dosage, being 125 mg. of creatine 
per kilo of body weight. This was continued for 7 days. The 
effect of this administration of creatine on the muscles will be 
reported in detail later. It would appear, however, to have no 
effect upon the creatine content of the brain. The hemispheres 
remain absolutely constant in the amount of creatine compared 
with the hemispheres of rabbits kept under identical conditions. 
The creatine content of the cerebellum of the creatine-fed rabbits 
is higher than that of the controls, but the increase is not beyond 
that amount which we have noted in other rabbits not so fed. 


SUMMARY. 


1. The creatine content of brain expressed as milligrams per 
100 gm. is a constant varying for each species. 

2. The cerebellum has always a higher content of creatine than 
the hemispheres. 

3. The lobes of the hemispheres possess the same creatine 
content. 

4, Autolysis rapidly lowers the creatine content of brain. 

5. The conditions of fasting and of creatine feeding do not affect 
the creatine content of brain. 

6. Expressed as milligrams of creatine per gm. of N the creatine 
content of the hemispheres is a constant independent of the species. 
This is probably also true of the cerebellum although the constant 
has a higher numerical value. 
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BLOOD CHANGES AND CLINICAL SYMPTOMS FOLLOW- 
ING ORAL ADMINISTRATION OF PHOSPHATES. 
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J. F. McINTOSH. 


(From the Hospital of The Rockefeller Institute for Medical Research.) 
(Received for publication, April 26, 1924.) 


It was shown by Binger (1) that intravenous injection of 
o-phosphates to the amount of 150 mg. of phosphorus per kilo 
of body weight produces a drop of the serum calcium from the 
normal level of 10 mg. per 100 cc. to approximately 6 mg. This 
drop is accompanied by symptoms of tetany, provided alkaline 
or neutral phosphate solutions are employed. With solutions 
more acid than pH 6 no symptoms occur, although the same 
drop in serum calcium is observed. Binger concluded that the 
tetanic condition caused by the injection of phosphates is inti- 
mately associated with a decrease in serum calcium, but not 
dependent on this alone, since a drop in calcium may occur without 
the appearance of tetany. Greenwald (2) maintains that the 
toxic symptoms following injection of sodium salts are due to 
“sodium poisoning’”’ and independent of the anion, and the drop 
in calcium observed by Binger (1) is due to dilution of the blood 
by the large amount of fluid introduced with the phosphates. 
Tisdall (3), however, produced the same drop in calcium by using 
stronger solutions, whereas the other ions remained constant, 
showing that no appreciable dilution had taken place. 

There are other observations indicating a causal relation of low 
blood calcium to high phosphates. In nephritis with kidney 
insufficiency, presumably in cases with acidosis and impending or 
manifest uremia, this change is one of the characteristics of the 
blood as demonstrated by Marriott and Howland in 1916 (4). 
In parathyroid insufficiency the characteristic drop in blood cal- 
cium seems to be always accompanied by an increase in the 
phosphates, as first found by Greenwald (5) and confirmed by 
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others (6), although this increase sometimes is not very marked 
in the more chronic conditions of tetany. 

Jeppsson and Klercker (7) produced increased electrical and 
mechanical irritability in dogs and infants by giving alkaline 
phosphates, presumably the potassium salt, by mouth. In one 
child suffering from diabetes insipidus they observed carpopedal 
spasm and in two dogs they saw light spasms of the hind legs 
following the administration of alkaline potassium phosphate to 
the amount of 0.20 gm. of phosphorus per kilo of body weight. 
The interpretation of their results with alkaline salts is difficult 
in light of the question of the supposed relation between alkalosis 
and tetany. Elias and Kornfeld (8) saw an aggravation of the 
tetanic condition after the administration of phosphates. Elias 
(9) had also produced increased electrical irritability by the 
administration of different acids, including acid phosphates. 

The object of the present experiments was to study the effect of 
oral administration of phosphates on the blood and the relation 
of any symptoms that might occur to the changes produced in the 
blood. Because of the possible causal relationship of certain 
kinds of tetany to alkalosis and the fact that acid administration 
may relieve tetanic symptoms, particular care was taken to give 
the phosphates in a solution of the same pH as the blood. Later, 
also, the effects of alkaline and acid phosphates were studied. 


EXPERIMENTAL. 


The experiments were arranged in two series: in the first series 
small doses of phosphates were given over a long period, in the 
second series large doses were given over a short time. Only 
sodium salts were used, as potassium is toxic in large doses and 
the interpretation of the symptoms might be difficult. The 
inorganic bases, chlorine, inorganic phosphorus, carbon dioxide 
content, and pH were determined and also the total serum protein, 
as changes in this constituent of the blood may cause changes in 
the blood calcium (Salvesen and Linder (10)). In two of the 
experiments the blood sugar was determined. The phosphate 
solutions were given by stomach tube. 
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Methods. 


The serum constituents were determined by the following 
methods: Inorganic bases by the methods of Kramer and Tisdall 
(11); phosphates by the method of Tisdall (12); chlorides by the 
new method of Van Slyke (13), using 1 cc. of serum for each 
determination; CO. content by the Van Slyke constant volume 
apparatus (14); and pH electrometrically, using as a standard of 
reference 0.10 n HCl and assuming as its pH at 38°, 1.090, and in 
some instances colorimetrically as well by the Cullen method 
(15). Total protein of serum was determined by the method of 
Howe (16). The blood was always collected under oil without 
stasis, centrifuged at once, and the serum kept over mercury. 


1. Administration of Small Doses of Phosphates over a Long Period. 


Three different solutions of phosphates were prepared. The 
phosphate solution isohydrionic with blood contained 2.6 gm. of | 
NaH-PO,-H:O + 30.7 gm. of NagHPO,-12H;0 per liter and was 
adjusted to a pH of 7.4 by the addition of 10 per cent HCl or 
NaOH. The alkaline phosphate solution contained 37.5 gm. of 
NasHPO,-12H,0 per liter and the acid solution contained 14.4 
gm. of NaH,PO,-H:0 per liter. The content of phosphorus was 
the same in all three solutions; namely, 3.25 gm. per liter. Blood 
for normals was drawn in the morning before meals. In the first 
two experiments with neutral phosphates 300 cc. of the phosphate 
solution (= 0.975 gm. of phosphorus) were given daily for a week; 
then the dose was increased to 450 ec. (150 cc. three times a day 
= 1.46 gm. of phosphorus) for 4 days. In the experiments with 
alkaline and acid phosphates 450 cc. (150 cc. three times a day 
= 1.46 gm. of phosphorus) were given from the start. Blood was 
collected again at the close of the experimental period; it was 
taken at 10 a.m., 1 hour after one dose of the phosphates (150 cc.) 
was given. 


Results—The experiments are recorded in Tables I to III, in 
which all the values of the inorganic constituents are given in 
millimols per liter of serum. It will be seen that the adminis- 
tration of neutral phosphates produced a considerable increase 
in the phosphates of serum accompanied by a decided drop in 
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the calcium (of about 17 per cent). There was also a drop in 
the magnesium and a considerable decrease in the chlorides. The 
blood calcium, determined 4 days after the administration of 
phosphates was discontinued, showed a normal value for one 
dog and a subnormal value for the other. Alkaline phosphate 
produced no change in serum calcium! and only a slight increase 
in the phosphate content; sodium and CO, content increased 
considerably, while there was a slight decrease in chlorides. The 
alkalinity of the blood increased somewhat in both of the dogs. 
Acid phosphates produced no appreciable change in the calcium 
content, but a marked increase in the phosphate content. In 
none of the experiments of this series were there any clinical 
symptoms. 


2. Administration of Large Doses of Phosphates over a Short 
Period. 


The dogs used were the same that had been employed in the 
foregoing experiment, allowing a certain time to elapse, so that 
‘the effect of the previous experiments had disappeared. The 
concentration of the phosphate solution was trebled, so they 
contained 9.75 gm. of phosphorus per liter. Blood for normals 
was either taken in the morning before the first dose was given or 
at 5 p.m. the preceding day. On the day of the experiment 150 
ec. of the phosphate solution (corresponding to 1.462 gm. of 
phosphorus) were given three or four times at about 2 hour 
intervals, and in a few experiments also a fifth dose of 100 ce. 
(0.975 gm. of P). Only in the first experiment were the doses 
given less frequently and over 2 days. The dogs had free access 
to water. 

Results —The most violent clinical symptoms were observed in 
all the experiments, no matter whether neutral (pH 7.4), alkaline, 
or acid phosphates were employed. After the third or fourth dose 
the dogs became quiet, lost their spirit, seemed to be uncom- 
fortable, and all had a peculiar symptom, which often was seen 
in latent tetanic dogs by one of us (6) and which seemed to be 


1 Dr. B. Kramer and his associates have noticed a decrease in the blood 
calcium of rachitic children to whom alkaline sodium phosphate was given 
(personal communication). 
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a sure sign of approaching tetany; the dogs started to scratch 
their eyes and nose or rubbed the face against the wall or the floor, 
as if something was itching. Also an increased salivation was 
noticed at this stage. All the typical symptoms of the condition 
which is called tetany now gradually developed: rigidity of the 
legs, dragging of the toes, twitchings of different muscle groups, 
particularly of shoulders, hips, and head; sometimes a marked 
trismus was observed. Finally the dogs could not move, lay down 
with extension spasm of all four Jegs, twitchings in different muscle 
groups, salivation, and a most marked dyspnea; they tried to 
drink, when offered water, but could not. When these symptoms 
were produced, blood was taken for analysis and 0.5 to 1.0 gm. of 
calcium chloride in 10 per cent solution was injected into the heel 
vein. The effect of the calcium administration was immediate: 
the convulsions usually stopped during the injection; the dyspnea 
first increased for a few moments and then subsided; the dogs rose, 
drank large amounts of water, and in the following 15 minutes 
became completely normal to all appearances, were playful, and 
could run up and down the corridor at full speed without display- 
ing any symptoms. Blood was taken again for analysis when 
this effect was produced. One dog was not given calcium and 
recovered spontaneously (Dog 3, Table [V). Phosphates were 
given again the next day, produced twitchings, and the dog was 
found dead in the evening. Another dog, which was prepared for 
demonstration for the staff of the hospital and had been given 
alkaline phosphates during the night, showed the characteristic 
symptoms of tetany in the morning, but the dog seemed then to 
pass into a state of paralysis. It was lying on the floor with 
closed eyes, panting, and seemed to be completely limp; it fell 
down in a heap when raised on its legs. The injection of 
calcium chloride produced violent convulsions and before a second 
dose could be given the dog died during an attack of epileptiform 
convulsions with opisthotonos, trismus, and spasm of the diaphragm. 
No blood was taken from this dog during this experiment; the 
dog had been used for similar experiments before and had showed 
the ordinary reaction. In some of the dogs the phosphate 
administration caused diarrhea. 

The experiments are recorded in Tables IV and V. It will be 
seen from the tables that the changes produced in the blood 








TABLE V. 
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picture are uniform and independent of the pH of the phosphate 
solution. The characteristic change is a rise in the phosphates 
and a drop in the blood calcium. The phosphates increased to a 
minimum of 2.5 mm and a maximum of 3.9 mm per liter. The 
serum calcium decreased from a normal average of 2.96 mM to a 
minimum of 1.58 mm and a maximum of 1.89 mm per liter (cor- 
responding to 6.3 and 7.5 mg. per 100 cc.). There was also a drop 
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Fic. 1. Relation between phosphates, calcium, and magnesium per 
liter of serum before the administration of phosphates, during tetany, and 
after the administration of calcium chloride. 


in the magnesium in all the experiments. In some of the experi- 
ments there was a rise in the sodium content, especially in the 
first experiment, where the increase was 7 mm. The pH kept 
constant in most of the experiments; in others, small changes 
occurred, both to the alkaline and the acid side. There was no 
marked drop in the chlorides as in the first series of experiments. 
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The blood sugar decreased a little in one of the experiments in 
which the determination was done. The serum proteins did not 
change appreciably. 

Blood taken after the dogs became normal again by calcium 
administration showed calcium values above the normal and a 
further increase in the phosphates except in one experiment 
(Dog 5, Table IV) in which the calcium did not rise above the 
normal value and the phosphates were lower after the calcium 
injection. 

The relationships between phosphates, calcium, and mag- 
nesium of serum are seen from Fig. 1. 


DISCUSSION. 


The clinical symptoms observed after oral administration of 
phosphates might be due to: (1) salt action and change in the 
osmotic condition of the body, (2) specific toxie action of the 
phosphate ion, and (3) decrease in blood calcium. 

1, Large amounts of a hypertonic salt solution were introduced 
into the intestinal tract. The increase produced in the molecular 
concentration of inorganic ions of the blood was, however, negli- 
gible (see Column 11 of Tables IV and V). It was less marked 
than in some of the experiments of the first series, in which no 
clinical symptoms were observed (Table II). The symptoms, 
therefore, cannot be due to changes in the osmotic conditions of 
the blood. 

2. The increase in the phosphate concentration of serum was 
very irregular and had no relation to the symptoms produced, as 
the phosphates rose to higher figures in some of the experiments of 
the first series, in which no symptoms were produced, than 
those observed in some of the experiments of the second series. 

3. The decrease in serum calcium has a definite relation to the 
clinical symptoms. In the first series the calcium dropped only 
a trifle or not at all, and no symptoms occurred. In all the 
experiments of the second series, a low blood calcium was found. 
The parallelism between the blood changes and symptoms found 
in the present experiments and those found in parathyroid in- 
sufficiency is striking. To those of us who had had previous 
experiences with parathyroidectomized dogs, the symptoms pro- 
duced by oral phosphate administration were identical with 




















324 Oral Administration of Phosphates 


those of parathyroid insufficiency (6, 17). And it has been shown 
lately by Salvesen (6) that all the symptoms of parathyroidectomy 
are due to calcium deficiency, as first maintained by MacCallum 
and Voegtlin (18). Calcium administration promptly relieves 
the symptoms of both conditions. The tetanic symptoms develop 
in parathyroidectomized dogs when the blood calcium has dropped 
to approximately 7 mg. per 100 cc. of serum (1.75 mm. per liter) 
(Hastings and Murray (17)). In three of the experiments 
reported in this paper the blood calcium was below 7 mg. (1.75 
mma.) when tetany occurred; in the remaining two it was 7.5 mg.; 
in these two experiments there was also an increase in the sodium 
content of serum. This is probably of importance, as it is the 
sodium : calcium ratio that determines the irritability of muscles 
and nerves according to Loeb (19). The decrease in magnesium, 
caused by the phosphate administration is probably also of 
importance. 

It seems justifiable to conclude that the symptoms observed 
after phosphate administration are due to the calcium deficiency 
produced in the blood. There remains to be explained the 
mechanism of the calcium decrease. Starkenstein (20) and Binger 
(1).suggested that the injected phosphates precipitate the calcium. 
The concentration of phosphates in serum, when the calcium 
decrease was established, averaged 18.5 mg. of phosphorus per 
100 cc. (6 mm per liter) in Tisdall’s experiments (3). In our 
experiments the maximum phosphate increase was 3.6 mm (11.2 
mg.) and might be as low as 2.5 mm (7.75 mg.) when tetany 
occurred. The concentration of phosphates in the blood had no 
relation to the drop in calcium, as in the first series of experiments 
the phosphates rose to a similar height without changing the 
calcium appreciably (Table III). This observation does not 
seem to favor the view that the mere increase in the phosphate 
concentration of serum, caused by oral administration of phos- 
phates, forces the calcium down by precipitation; if that had been 
the case, one would expect the calcium to be lowest in serum, 
which showed the highest phosphates. 

Another possibility is that the oral administration of phos- 
phates causes an increased excretion of calcium (and magnesium), 
probably in the way that phosphates are constantly taken up as 
sodium salts and partly excreted as calcium and magnesium 


























however, that the spasmophilic symptoms observed in t 
experiments are only due to a depletion in the calcium content 
of the organism. 

Whether the results of the present experiments have any bearing 
upon the question of how the low blood calcium in parathyroid 
insufficiency is produced, it is too early to say, but they serve as a 
further proof for the view that the symptoms of parathyroid 
insufficiency are due to the low blood calcium. It seems also to 
be certain from these experiments and from those of Binger (1) 
that the phosphate retention in uremia is the cause of the excessive 
drop in blood calcium, which cannot be accounted for by the 
decrease in plasma protein (10). 


SUMMARY. 


The changes in the blood and the clinical symptoms of dogs to 
whom phosphate solutions were given orally have been studied. 
Small doses of phosphates given over a long period (1.46 gm. of 
phosphorus a day, corresponding to 0.07 to 0.10 gm. per kilo of 
body weight) did not produce any clinical symptoms. [If alkaline 
phosphates were used, no change was observed in the calcium and 
inorganic phosphorus content of the blood. If acid phosphates 
were used, there was a marked increase in the serum phosphates, 
but no change in the calcium. Solutions of the same pH as that 
of blood produced a marked increase in phosphates and a decrease 
in calcium of 0.5 mM. 

Larger doses of phosphates (0.40 to 0.70 gm. of phosphorus 
per kilo of body weight), administered over a period of 1 (or 2) 
days, produced violent symptoms, which had the characteristics 
of the so called tetany and which were independent of the pH of 
the solution administered. The serum phosphates increased 
to values varying between 2.5 to 3.9mm; the calcium decreased 
from values which ranged between 1.89 to 1.58 mm. There 
was also a decrease in the magnesium content of serum and in 
one instance a decrease in the blood sugar. The injection of 
calcium chloride checked all the symptoms and produced an 
increase in the serum calcium. 


oral administration of phosphates. They regard it as exclud@i,y) 12 1°: 
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CONCLUSION. 


The clinical symptoms (tetany), produced by the oral adminis- 


tration of phosphates, are due to a reduction of the blood calcium. 
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THE EFFECT OF THE ADMINISTRATION OF CALCIUM 
SALTS ON THE INORGANIC COMPOSITION 
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Calcium chloride, which is the most commonly used calcium 
salt in the treatment of tetany, has lately been reported to cause 
a marked acidosis, when administered orally. Gamble, Ross, and 
Tisdall (1) concluded from their experiments on two infants that 
ingested calcium chloride behaves as an acid substance, due to 
much greater absorption of the chlorine than of the calcium. In 
the urine they observed a considerable increase in the acid excre- 
tion and in the blood an increase in the chloride concentration, 
accompanied by an equimolecular decrease in the bicarbonate, 
while the total base concentration was unaltered. They did not 
determine the pH of the blood, but Gamble and Ross assume 
that calcium chloride has the same effect as hydrochloric acid, 
which lowered the pH in an infant to whom it was given orally 
(2). At the same time the observations of Atchley, Loeb, and 
Benedict (3), who studied the calcium chloride diuresis, were 
published. As the result of calcium chloride ingestion, they 
found in a diabetic individual with edema an approximately 
molecular replacement of bicarbonate by chloride in the blood 
with little change in the total base, whereas in a normal person 
both the sodium and the carbon dioxide concentrations were 
decreased. It was demonstrated as early as 1915 by Wilson, 
Stearns, and Janney (4), that the ingestion of hydrochloric acid 
relieves the tetanic symptoms of parathyroidectomized dogs, and 
lately by Sheer and Jahr (5) that hydrochloric acid, added to 
milk, relieves the symptoms of infantile tetany. Also ammonium 
chloride, the ingestion of which is followed by the typical signs of 
327 
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an acidosis (Haldane (6) ), is almost as efficient as calcium chloride 
in relieving tetany, according to Freudenberg and Gyérgy (7) 
and Gamble and Ross (2). These observations seem to raise 
doubt as to the manner in which calcium salts relieve tetanic 
symptoms. It has previously been thought that calcium acts by 
raising the low blood calcium, which is regarded as the cause of 
infantile and parathyroid tetany. From the above results it 
appears that relief of tetany by orally administered calcium salts 
may be due not to the calcium, but to the anion of the salt, which 
is absorbed as an acid. Such an explanation would be in harmony 
with the hypothesis of Wilson, Stearns, and Thurlow (8) that 
tetany is caused by alkalosis. 

The present experiments were undertaken in order to study the 
effect of oral and intravenous administration of calcium salts on 
the acid-base equilibrium and the inorganic constituents of the 
blood. An attempt was also made to trace the fate of intra- 
venously introduced calcium chloride. ' 


EXPERIMENTAL. 


The experiments were performed on normal dogs and on two 
nephritic patients, to whom calcium salts were administered as 
therapeutic agents to produce diuresis. 


Methods. 


The inorganic bases of serum were determined by the methods 
of Kramer and Tisdall (9); phosphates by the method of Tisdall 
(10); chlorides by the new method of Van Slyke (11), using 1 ce. 
for each determination; carbon dioxide content by the Van Slyke 
constant volume apparatus (12); and pH electrometrically in the 
serum of dogs, using 0.10 n hydrochloric acid as a standard of 
reference and assuming as its pH at 38°, 1.090. In human serum 
pH was determined colorimetrically by the Cullen method (13). 
Plasma protein was determined by the method of Howe (14). 
Blood was collected under oil without stasis, centrifuged at once, 
and the serum kept over mercury. 
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330 Ca Salts on Blood Composition 


1. Oral Administration of Calcium Chloride and Calcium Lactate. 


Dogs.—The administration of the calcium salts by stomach 
tube to two dogs was carried out as follows: To one of the dogs 
15 to 20 gm. of calcium chloride in 5 per cent solution were ad- 
ministered on each of 2 days and blood was taken on the morning 
of the 3rd day; in the other dog the same amount of calcium chlo- 
ride was given for 2 days and on the 3rd morning 7.5 gm. were 
given at 9 a.m. and blood was drawn at 10.45 a.m. A third dog 
was given 20 gm. of calcium lactate in 5 per cent solution (by 
stomach tube) for 3 days and on the 4th day 10 gm. were given 


4 in the morning and blood was taken 2} hours after. The dogs 
were kept on a constant diet of bread and soup and had free access 

RY to water. 
M > Results.—The dogs to which calcium chloride was administered 
< became depressed and lost appetite; they had no apparent dyspnea. 


Calcium lactate had no clinical effect. The experiments are 
recorded in Table I, in which the results are expressed in millimols 
per liter of serum. It will be seen that calcium chloride produced 
characteristic changes in the composition of the blood; chlorides 
increased and bicarbonate decreased almost equimolecularly, 
while the sodium decreased 8.7 millimols in one case and 10.4 
in the other, leaving the blood markedly more acid on account of 
the actual loss of base as well as the increase in fixed acid; the pH 
dropped in the first animal from 7.47 to 7.27, in the second from 
7.43 to 7.13. There was an increase of 20 per cent in the blood 
calcium of the latter dog. There was a slight rise in potassium 
and an increase in the concentration of plasma protein. Calcium 
lactate produced a small increase in the pH and the sodium 
content. The CO, tension, calculated from the CO, content and 
the pH, was not significantly changed. 

Human Subjects—The effect of oral administration of calcium 
salts was studied in two young men, one suffering from acute 
glomerular nephritis, with extensive edema, while the other was a 
case of chronic nephrosis with some edema of legs and lumbar 
region. Neither had retention of urea. The patient with 
glomerular nephritis was given 10 gm. of calcium lactate daily 
I for 9 days and then 13.5 gm. of calcium chloride (in two doses of 
6.75 gm.) for 4 days. The other patient was given 15 gm. of 


ea as ara 


Ses 











*siso1ydou 
oruoryy) 
% 
A 
‘ad ‘a 


*Aup 
B OVD Jo ‘wd CT 
‘eI 03 6 “Ady wo1g 


“stqiyd 
-9uo[niaur 
-o]3 aynoy 


‘Ap 

B OVD “ws CET 

‘9 94 § “Qoq Wor ' , ; , ; ‘T6" ; 0€ » 
"ABP B 94B49B] ¥Z 

BQ “wd OT ‘Z “G9 ‘O18 

0} Go “uve WOT ; : : co “UBS We 

1é61 





: "que4 . 3 
uyn | suru -u09 onins ‘s{soUsEICT 
| 2 | ~9°1D | -nqiy t00 -10u] : . ‘aay 
‘syVUIIY i “xag 
“eulUN 
























































“suse jo 1041] Jog *UINIOS JO 1041] 19g 














= 
ro) 
—7 
| 
— 
oO 
— 
= 
ao) 
S 
x 
wn 
on 
=| 
Ss 
DM 
a 
en) 
5 
5) 
B 
3 
TM 


‘sisoydan au0syD fo asp) v ur apozy) wmni07) fo pun ‘syrsydauojnsawmopy 
amoy fo aspg v ur wniag fo uoys0dwmoy ay) uo apwojyQ wnwjDDQ pun appv T wnwpy fo uoynystusupy pig fo pafy 
‘ll TIAVL 








egal rg to at 





Owreee. 


TE at 


k 
i 








332 Ca Salts on Blood Composition 


calcium chloride (in two doses of 7.5 gm.) a day for 6 days. They 
were both on a constant, chloride-free diet and on a constant fluid 
intake. 

Results.—In both of the patients the calcium chloride adminis- 
tration caused some abdominal discomfort. In neither of them 
was there any clinical sign of acidosis, except that the patient with 
nephritis complained of breathing being “heavy.’”’ There was 
practically no effect on the urinary output and Table II shows 
that the weight remained almost the same as before the adminis- 
tration. Both patients had a low plasma protein and a cor- 
responding low plasma calcium (15). 

Calcium lactate produced no change in the blood, except an 
equimolecular drop in the sodium and chloride content; this may 
be the effect of the chloride-free diet, which was given the patient 
from the day before calcium administration was started. Cal- 
cium chloride produced the same qualitative changes in the 
inorganic constituents as in dogs. In both of the cases there was 
an actual loss of base; in the first case sodium dropped 9.5 mm and 
the bicarbonate 11 mm, while the chlorine increased 16.7 mm; 
there was accordingly an increase of acid over base in the blood 
at the end of the experiment, which accounts for the low pH of 
7.14. The CO, tension remained constant. In the second case 
the sodium dropped only 5.7 mm while the bicarbonate decreased 
10 mm. As the chlorine increased 6.7 mm, the relationship 
between acid and base remained constant and there was no change 
in the pH of the blood. The CO, tension, which was abnormally 
high at the beginning of the experiment, was much reduced. 
In none of the cases did the calcium administration raise the blood 
calcium. 


2. Intravenous Administration of Calcium Chloride. 


A measured amount of calcium chloride was injected intra- 
venously into three dogs and blood was taken at intervals after 
the injection. The calcium excretion in urine and feces was 
studied in two of the dogs as follows: The dogs were given a 
constant diet of minced meat for 5 days before and for 3 days 
after the injection. 3 days before the injection the dogs were given 
high enemata until the colon was completely rinsed out and the 
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0 it 2 >’ 4 § 6 
Hours after calcium administration 


Fic. 1. Calcium and phosphates of serum following the intravenous 
injection of calcium chloride. Dog 3 received 0.5 gm.; Dog 1, 0.75 gm. ; and 


Dog 5, 1.10 gm. of CaCh. 
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solution returned colorless: The dogs were then placed in 
metabolism cages and the urine was collected for the followi 
3 days. On the 3rd day, which was the day of the calciu 


administration, the colon was rinsed out again and the feces witt®. 
the washings were collected. The dogs had had no defecation + 
during these 3 days and the amount of feces obtained represented > 


the feces produced during the 3 day period. Then the calcium 
was injected and urine collected for the following 3 days. The 
feces were obtained at the end of the 3 days in the same manner 
as before, by thorough rinsing out of the colon. The amount of 


TABLE IV. 
Calcium Secretion in Urine and Feces in a 3 Day Period Before and After the 
Injection of Calcium Chloride. 

















| 
| Amount | | . p _ Increase 
Dog Te Period. |} Cain | Cain | Total. iD excretion 
No. injected. | asm urine. | feces. | ota x a 
| | 
| | — j | 
| gm. | | gm. | gm. gm. 
1 | 0.271 | Before injection. | 0.018 | 0.123 | 0.141 | 
| | After“ | 0.010 | 0.082 | 0.092 | —0.049 
| | | | 
5 | 0.398 | Before injection. | 0.094 | 0.660 | 0.754 | 
After first period. | 0.040 | 0.447 | 0.487 —0.267 
| | “second “ 0.081 0.166 0.247 





calcium excreted in urine and feces in the period prior to the cal- 
cium was compared to the amount excreted in the period of similar 
length after the injection. In one of the dogs, the calcium 
excretion was also determined for the next 3 days, making the 
period of observation 6 days after the injection. 

Results:—The injection of the calcium was usually followed by 
irregularity of the heart action for some time, but if the injection 
was carried out slowly, no other ill effect was observed. But the 
first dog which was tried (not recorded in the experiments) died 
suddenly, apparently because the heart stopped beating; there 
were also convulsions. The other three dogs received 0.50, 0.75, 
and 1.10 gm. of calcium chloride, respectively. Table III and 
Fig. 1 show that the blood calcium increased to a considerable 


1 It is very easy to introduce a rectum or an ordinary stomach tube to 
about 50 to 60 cm. from the anus in a dog. 
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extent, dependent on the amount administered, but decreased 
rapidly again. After 4 to 5 hours the calcium was down to the 
normal again in the first two dogs, while in the last dog (Dog 5) 
some calcium was still retained in the blood after 6 hours. The 
phosphates increased moderately after the injection. There were 
no other characteristic changes, the acid-base equilibrium being 
practically undisturbed by the injection. 

The results of the analyses of the calcium excretion before and 
after the injection are seen from Table IV. They show the 
peculiar result that in both dogs there was less calcium excreted 
in the 3 day period after the injection than before and in Dog 5 
still less in the next 3 days. 


DISCUSSION. 


The results of the calcium ingestion experiments corroborate 
the findings of previous investigators (1, 2, and 3) that calcium 
chloride produces an increase in the concentration of chlorine 
and a decrease in bicarbonate of serum when given orally in large 
doses, and they show that a severe uncompensated acidosis with 
loss of base and increase of fixed acid may be produced with pH 
values of 7.13 in a dog and 7.14 in a human being. They also 
show that the blood under such circumstances is able to increase 
its concentration of calcium a little above the normal (Dog 2, 
Table I). In the two cases of Bright’s disease, however, there was 
no increase in the blood calcium, though in one of the cases there 
was an extreme acidosis. It has been shown in this hospital 
(15) that the low blood calcium in cases of Bright’s disease without 
phosphate retention may be attributed to the low plasma protein. 
The observations of the present experiments show that it is as 
hard to increase the blood calcium of these low protein cases as 
it is to increase the normal blood calcium, apparently because 
the protein concentration is the dominating factor, which deter- 
mines the upper limit for the amount of calcium the blood is 
able to dissolve. In parathyroid tetany, however, the low blood 
calcium can be raised to the normal by the oral administration 
of calcium lactate (16), which shows the difference in the nature 
of the calcium drop in this condition from that in the low protein 
types of Bright’s disease (17). 
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The absence of any clinical signs of acidosis, e.g. dyspnea, both 
in the dogs and in the human subjects, is hard to explain on the 
basis of the theory that the pH of the blood is the main regulator 
of the respiration. It will be seen from Tables I and II that the 
CO, tension remained practically constant in all the instances 
in which pH was reduced, while in the case of chronic nephrosis 
the pH was unaltered and the CO, tension lowered. 

The observation that intravenously injected calcium chloride 
disappears rapidly from the blood is not in agreement with the 
findings of Rey in 1895 (18) who, 4 days after the injection of 
0.857 gm. of calcium (as the acetate) in dogs, still found the blood 
calcium about 100 per cent increased. Fenyvessy and Freund 
(19) found a substantial increase in the blood calcium a few 
minutes after the injection of a large dose of calcium chloride in 
rabbits, although they did not obtain the high values they had 
calculated, and they think that injected calcium leaves the blood 
rapidly. Heubner and Rona (20) found that calcium chloride 
(0.12 to 0.27 gm. per kilo of body weight) injected intravenously 
into cats leaves the blood in 2 hours. Several investigators have 
tried to find where the injected calcium is excreted. Riidel (21) 
could only account for 12 to 34 per cent of subcutaneously intro- 
duced calcium in the urine and supposed the rest to be excreted 
by the intestines. Rey’s (18) experiments seem to leave little 
doubt that intravenously injected calcium is excreted for the 
greater part in the colon, where he could account for up to 53 
per cent of the injected amount after 3 days. According to Rey, 
the calcium is stored in some place and then slowly excreted. 

Drury? observed no increase in the calcium excretion through 
the bile after intravenous injection of calcium chloride. 

Our own experiments failed to account for the injected calcium 
in feces and urine; less calcium was excreted in the period following 
the injection than before. 

As the calcium leaves the blood and does not appear in the 
feces or urine within 3 to 6 days, one is compelled to assume a 
temporary or permanent storage of the calcium in the body. 

The increase in phosphates after the injection of calcium chlo- 
ride seems to be a fairly constant phenomenon, both in parathy- 
roidectomized (16) and in normal dogs. 


* Drury, D. R., personal communication; paper to be published shortly- 
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From the experiments on the action of oral administration of 
calcium lactate and intravenous administration of calcium chloride 
it may be assumed that calcium salts relieve tetanic symptoms, 
independently of any action of the acid-base equilibrium. The 
therapeutic action of hydrochloric acid-producing substances is 
probably also due to calcium action as pointed out by Gamble and 
Ross (2), the lowering of the bicarbonate and increase in the hy- 
drogen ion concentration of the blood evidently producing an 
increased calcium ion activity. For that reason calcium chloride 
given orally would seem to be the most favorable salt, as it acts 
by both its anion and cation. 

Calcium chloride has recently been enthusiastically recom- 
mended as a diuretic by Blum and associates (22) who used 15 
to 20 gm. a day on patients with edema of various origins. Asa 
severe, uncompensated acidosis usually occurs, such doses should 
never be employed without a careful control of the acid-base 
equilibrium. The question whether the diuretic effect is de- 
pendent on the anion and in some way connected with the acidotic 
condition is as yet unsettled. 


SUMMARY. 


The experiments show that the ingestion of calcium chloride 
may produce a severe, uncompensated acidosis in dogs and human 
subjects with pH values of 7.13 in a dog and 7.14 in a patient 
suffering from acute nephritis with edema. This acidosis is due 
to a replacement of HCO; by Cl in the blood, already observed 
by Gamble, Ross, and Tisdall (1) and by Atchley, Loeb, and 
Benedict (3) as the result of absorption from the alimentary tract 
of the Cl of CaCl, without the Ca. We observed also an actual 
loss of base from the blood and a failure to adjust the CO, tension 
to the lowered bicarbonate. The blood calcium increased 20 
per cent in one dog, while it was unchanged in another. 

In two cases of Bright’s disease with low blood calcium and low 
protein, calcium lactate, given orally, produced no characteristic 
change in the blood. 

The intravenous administration of 0.50 to 1.10 gm. of calcium 
chloride had no effect on the acid-base equilibrium of the blood, 
but caused a moderate rise in the phosphates. The injected cal- 
cium left the blood in 3 to 6 hours. There was no increase in the 
daily excretion of calcium in urine and feces over a period of 6 
days following the injection. 
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THE NUTRITIONAL REQUIREMENTS OF BABY CHICKS. 
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When Sugiura and Benedict (1) concluded from their work with 
pigeons and squabs that vitamin A was not required for avian 
nutrition, a fundamental distinction, if true, in the nutritional 
requirement of birds and mammals was made. It would seem, 
of course, that such an observation could not go unchallenged 
for any length of time, especially when the entire gamut of avian 
life was included. Consequently, it was no surprise when a little 
later Emmett and Peacock (2) reinvestigated this point and 
produced evidence unfavorable to the sweeping conclusion of 
Sugiura and Benedict, but in support of the view that vitamin 
A is required by the chicken, which is as distinctly avian as is the 
pigeon. 

In our experiments on the nutritional requirements of baby 
chicks we have had occasion to accumulate considerable data 
bearing on this same point and in this paper we desire to present 
such data, all of which is in support of the early conclusion of 
Emmett and Peacock that the chick does require vitamin A for 
its existence. 

In early work with baby chicks on the use of synthetic diets 
(3) such as are employed with success in rat nutrition we experi- 
enced varying degrees of success. A diet carrying 37 per cent of 


* Published with the permission of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
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dextrin, 5 per cent of a salt mixture (3), 18 per cent of purified 
casein, 15 per cent of dried yeast, 15 per cent of butter fat, and 
10 per cent of paper did prove successful in a single trial, but in 
other experiments where the paper was displaced by charcoal, 
agar, or dirt no such success in growth followed. With increasing 
knowledge of the liberal demands by this species of the fat- 
soluble vitamins such as are contained in cod liver oil (4) it was 
altogether probable that our many failures and rare successes in 
the growth of baby chicks under confinement and on synthetic 
diets was to be related to the low and variable supply of the fat- 
soluble vitamins in the butter fats used. Further, we had no 
knowledge of the relation of light to the growth of this species (5) 
at the time of these earlier experiments, although these experi- 
ments were conducted in the basement of the poultry building 
where the windows were often left open and with the possibility 
that sufficient illumination had influenced the results in some of our 
more successful growth experiments. All of which serves to em- 
phasize how slow was our progress in the development of specific 
knowledge of the factors operating in chicken nutrition. 

With more complete knowledge of the requirements of the baby 
chick for growth, synthetic rations were again attempted, but in 
which the butter fat was displaced by cod liver oil in the propor- 
tion of 5 per cent and also with saponified cod liver oil equivalent 
in cod liver oil to 5 per cent of the ration. Earlier observations 
from this laboratory had shown the stability of vitamin A to 
saponification (6) and later observations (7) showed the stability 
of the antirachitic vitamin to this same treatment. In addition, 
observations in this laboratory by Steenbock and Nelson (8) had 
disclosed the importance of the antirachitic vitamin or its equiva- 
lent in light as a necessary factor in growth. This important 
observation lead to the use of ultra-violet light as an adjunct to 
the synthetic ration with the thought in mind that possibly 
growth could be secured. Ultra-violet light in 10 minute expo- 
sures per day, except Sunday, was used. 

Chart I shows the results secured with these four rations; 
namely, the basal synthetic ration; the basal synthetic ration plus 
cod liver oil; the basal synthetic ration plus saponified cod liver 
oil; and the basal synthetic ration plus radiation. The chicks 
used were Barred Rocks taken at 1 day old and kept in pens 
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Cuart I. The results secured with the basal synthetic ration; the syn- 
thetic ration plus 5 per cent of cod liver oil; the synthetic ration plus 5 
per cent of saponified cod liver oil equivalent to 5 per cent of the raw oil; 
and the synthetic ration plus 10 minutes daily exposure (except Sunday) 
to the radiations from a quartz mercury lamp. The cod liver oil used dis- 
placed an equivalent quantity of dextrin in the ration. 
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provided with shavings litter and artificial heat in the attic of our 
laboratory where no direct sunlight enters. They were fed the 
ration as dry mash and weighed weekly. 

There was little or no growth on the basal synthetic ration; 


. with the addition of 5 per cent of cod liver oil practically no 


better growth was secured. The cod liver oil was mixed directly 
into the ration which was made up weekly in order to minimize the 
effect of aging upon the vitamins of the oil. We have success- 
fully prevented and cured rickets in chickens by the adminis- 
tration of cod liver oil, but it has usually been done by direct 
feeding with a pipette. Where the oil is mixed in the ration the 
appetite is adversely affected and consumption of the ration lags. 
Some individuals will consume such a ration, but in a group the 
results are likely to be distinctly variable. With saponified cod 
liver oil the results are generally much more uniform. The fat- 
soluble vitamins are introduced by its use, but certain obnoxious 
smelling and tasting substances are avoided. In this group by the 
use of saponified cod liver oil good growth was secured as shown 
in Chart I, but the results are certainly not optimum for the 
species. The data do, however, demonstrate the favorable effect 
on ‘growth in this species of the fat-soluble vitamins. Where 
ultra-violet light was used with the basal synthetic ration little 
growth was secured which indicated that this species did require 
vitamin A which was practically absent from the ration. With 
the baby chick, as with other animals, there is always a variable 
reserve of nutritive factors at the time of hatching which can 
account for some of the variations in growth secured. 

The problem still confronting us was how to provide vitamin A 
and not provide the antirachitic vitamin in the ration of the chick; 
thereby securing more convincing evidence of the vitamin needs 
of this species than we had secured up to this time. In some 
preliminary experiments on the use of plant tissue, either green or 
dried, as a source of the antirachitic vitamin in the growth of the 
chick it was observed that leg weakness or rickets could not be 
prevented in this species by the incorporation of green plant tissue 
(clover) equivalent to 5 per cent of the ration or as dried plant 
tissue (clover) in amounts varying from 0.5 to 5 per cent of the 
ration. The clover used was fresh green material which had been 
dried in a dark attic with an electric fan. Preliminary observa- 
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tions on the use of green plant tissue in baby chick growth have 
already been published (5). 





Cuart II. The results secured with the basal synthetic ration plus 
radiation; the synthetic ration plus 1.5 per cent of dried clover; and the 
synthetic ration plus 1.5 per cent of dried clover plus 10 minutes daily 
exposure (except Sunday) to the radiations from a quartz mercury lamp. 
The clover displaced 1.5 per cent of dextrin. 


With our further knowledge that carefully dried clover contains 
an abundance of vitamin A (9), but in the proportion used did not 
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contain sufficient of the antirachitic vitamin to protect the chick 
from leg weakness, it seemed possible that through the use of 
dried clover and ultra-violet light the problem of the vitamin A 
requirement of the chick could be definitely settled. Conse- 
quently, groups of 1 day old chicks (Barred Rocks) were placed 
upon our synthetic ration plus radiation; the synthetic ration 
plus 1.5 per cent of dried clover; and the synthetic ration plus 1.5 
per cent of dried clover plus 10 minutes of ultra-violet light daily. 
The records of this experiment are shown in Chart II. According 
to present theory the first ration should provide all the factors 
of nutrition except vitamin A. Vitamin C has not been demon- 
strated as a requirement of the chicken; the second ration should 
provide all the nutritional factors except the antirachitic vitamm; 
and the third ration should provide all the factors and allow 
normal growth. 

The records show that in the absence of vitamin A there was 
complete or early failure in the nutrition of the chick. Emmett 
and Feacock have reported the occurrence of ophthalmias in 
their chicks suffering from vitamin A deficiency, but in our many 
trials where vitamin A has been deficient and where death has 
resulted when the chick was 3 to 5 weeks of age no ophthalmias 
have keen observed. With vitamin A deficiency in the case of 
the chicks we have had under observation there has been loss of 
appetite, extreme lethargy, and sudden death. Post-mortem; 
have not revealed anything especially distinct although occa- 
sionally there were white streaks on the surface of the liver. 
Such streaks have already been observed and described by Beach 
(10) as occurring on the surface of the heart, liver, and spleen of 
chickens suffering from what he has called a “nutritional roup” 
and which he has attributed to a deficiency of vitamin A. Emmett 
and Peacock have also observed similar pathological conditions 
in chicks suffering from vitamin A deficiency. These white 
streaks have been characterized as salts of uric acid. On the 
other hand, Osborne and Mendel have correlated vitamin A 
deficiency in the diet of the rat with the occurrence of phosphatic 
renal calculi (11). 

We do not wish to be understood as entertaining the view that 
vitamin A deficiency never occasions ophthalmias in the chicken. 
Only we have not observed it in chicks on our diets at early ages. 
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Possibly death intervened too early. We have seen distinct 
ophthalmias in older birds on rations low in their content of 
vitamin A, but whether it was “nutritional roup” or a roup pro- 
duced by specific primary infection was not determined. 
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Fic. 1. No. 4654 on the left. The result of no vitamin A in the rat‘on. 
The ration consisted of our basal synthetic ration composed as follows: 
purified casein 18, salt mixture 5, agar 2, dextrin 60, dried brewers’ yeast 15, 
and 10 minutes exposure to ultra-violet light daily except Sunday. Weight 
at 5 weeks of age was 62 gm. Note the sleepy appearance of this bird. 

No. 4644 on the right. The result of adding the fat-soluble vitamins 
(saponified cod liver oil equivalent to 5 per cent of raw oil) to the synthetic 
ration. Weight at 5 weeks of age was 142 gm. Good growth was secured 
# in this group. Note the alertness of this specimen. Photographed at 
same age as No. 4654. 


On the synthetic ration containing the 1.5 per cent of dried 
clover and, consequently, vitamin A, but not sufficient of the 
antirachitic factor for this species, the animals lingered somewhat 
longer than in the first group. They suffered from leg weakness 
and died early. With both 1.5 per cent of clover (vitamin A) 
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and ultra-violet light (antirachitic vitamin) imposed on the basal 
synthetic ration growth was very successful. Some of the birds 
reached weights of over 300 gm. in 8 weeks. 
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Fia. 2. The result of adding vitamin A to the synthetic ration by the 
use of 1.5 per cent of dried clover and in addition raying the animals 10 
minutes daily, except Sunday, with the radiations from a quartz mercury 
lamp. Very successful growth was secured in this group. Weight at 9 
weeks of age was 425 gm. This chick is one from a group of ten specimens. 


In addition to the charts, pictures of three of the chicks are 
presented (Figs. 1 and 2). No. 4654 received the basal synthetic 
ration and len light 10 minutes daily except Sunday. 
Vitamin A was deficient in this ration. No. 4644 received the 
basal ration plus saponified cod liver oil equivalent in raw oil to 
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5 per cent of the ration. Both vitamin A and the antirachitic 
vitamin were provided in this ration and good growth was secured. 
No. 6030 received the basal ration plus 1.5 per cent of dried clover 





Cuart III. This chart illustrates the results secured with white corn 
and skimmed milk. On a ration of white corn 97, calcium carbonate 2, 
sodium chloride 1, skimmed milk ad libitum, and sunlight all day, growth 
ultimately ceased due to the low supply of vitamin A. 


plus 10 minutes radiation from a quartz mercury lamp daily, 
except Sunday. This ration provided vitamin A from the clover 
and the antirachitic factor from light and in consequence growth 
followed. 











Cuart IV. This chart illustrates the results with yellow corn plus 
skimmed milk. On aration of yellow corn 97, calcium carbonate 2, sodium 
chloride 1, skimmed milk ad libitum, and sunlight all day, continued growth 
and excellent condition were secured. 
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While the above experiments demonstrated fully the needs of 
vitamin A in the nutrition of the chick, additional evidence was 
secured through experiments involving yellow and white corn and 
sunlight. Some of these experiments on the influence of light on 
the growth of chicks and the cure of leg weakness (rickets) have 
already been reported (5). It was demonstrated in 1920 by Steen- 
bock and Poutwell (12) that yellow corn was richer in its content 
of vitamin A than was white corn. Although at that time there 
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Fic. 3. The result of feeding a ration low in vitamin A. Ten birds were 
started in this group at 1 day old and fed a ration of 97 parts of white corn, 
2 parts of calcium carbonate, 1 part of sodium chloride, and skimmed milk 
ad libitum. They were exposed to sunlight the entire day. Note the poor 
condition of these b'rds. Only three remained at the time of the photo- 
graph, the remainder having died or been used for x-rays. 


had been no differentiation between vitamin A and the anti- 
rachitic vitamin and the relation of the latter to growth, yet the 
distinction between the two corns in respect to their vitamin A 
content still remains a fact (unpublished data from this labora- 
tory). 

In July, 1923, several groups of 1 day old chicks (White Leg- 
horns) were placed upon white corn 97, calcium carbonate 2, 
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sodium chloride 1, and skimmed milk ad libitum. Other groups 
were placed upon yellow corn 97, calcium carbonate 2, sodium 
chloride 1, and skimmed milk ad libitum. The environment of 
the several groups differed in respect to the amount and kind of 
light each received. In this paper consideration is given only to 
those two groups receiving sunlight all day, one of which was on 
the white corn ration while the other received the yellow corn ration. 





Fic. 4. The result of feeding a ration well supplied with vitamin A. 
This group of nine birds was started when 1 day old on a ration consisting 
of yellow corn 97, calcium carbonate 2, sodium chloride 1, and skimmed milk 
ad libitum. They were exposed to sunlight the entire day. All the birds 
grew normally and were splendid specimens. Three of the group had been 
used in x-ray work and consequently only six remained for this photograph. 


On the white corn ration this nutritional factor was small although 
some of it was contributed by the skimmed milk. On the yellow 
corn ration this factor was certainly more liberally provided. 
The birds were in screened outdoor pens with access to heat and 
sunlight all day, but no extraneous sources of food. The 
growth records of the two groups are shown in Charts III and IV. 
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Those receiving the white corn ration grew considerably for a 
time in remarkable contrast to a group on this same ration, but 
not receiving sunlight. This fact has already been pointed out 
(5). In fact, three of the group receiving sunlight continued to 
grow for 14 weeks, reaching weights of over 600 gm. at which 
point a decline in weight set in. Nutritional failure followed and 
finally death. Toward the end of their lives these birds were 
listless and sleepy in appearance with feathers slightly ruffled 





Cuart V. This chart illustrates the results secured on a ration of yellow 
corn 97, calcium carbonate 2, sodium chloride 1, and skimmed milk ad 
libitum, but where the birds were kept out of direct sunlight and in the 
basement of the poultry building. The absence of the antirachitice equiva- 
lent brought on failure in continucus growth. 


and soiled. There were no distinct ophthalmias in this group 
although an edematous condition of the eyes was seen in certain 
cases. The variations in growth observed in this group possibly 
were due to variations in the stores of reserves of vitamin A at 
hatching or to a difference in their ability to assimilate this 
factor. 

Those receiving the yellow corn ration grew continuously to the 
termination of the experiment and the birds were judged as normal 
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specimens. In fact, this simple ration, supplied under summer 
conditions, seemed to meet the needs of this species most ade- 
quately, especially for growth. Egg production was not involved 
in the inquiry. We interpret the differences in growth between 
the two groups as due to a difference in the supply of vitamin A 
in the two rations. Figs. 3 and 4 illustrate in a striking manner 
the condition of these groups at 14 weeks of age. 

Chart V is added, illustrating the failure in growth of a com- 
panion group of chicks receiving the yellow corn ration described 
above, but kept in the basement of the poultry building and out of 
the influence of direct light. In this case although there was a 
supply of vitamin A, the antirachitic factor was inadequately 
supplied and, consequently, failure of complete nutrition ulti- 
mately resulted. 

SUMMARY. 


In this paper experiments with growing chicks are presented 
showing the needs of this species for vitamin A. These results 
are in agreement with the observations of Emmett and Peacock 
and contrary to the sweeping statement of Sugiura and Benedict 
that “fat-soluble vitamine is not essential in any stage of avian 
nutrition.” 
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A SIMPLE MICRO VESSEL WITH ELECTRODE FOR ESTI- 
MATING THE HYDROGEN ION CONCENTRATION 
OF BLOOD AND OTHER BODY FLUIDS. 


By F. De EDS ann P. J. HANZLIK. 


(From the Department of Pharmacology, School of Medicine, Stanford 
University, San Francisco.) 


(Received for publication, March 21, 1924.) 


In the estimation of the hydrogen ion concentration of blood 
and other body fluids it is frequently desirable to confirm re- 
sults that have been obtained colorimetrically, and sometimes 
necessary, if not indispensable, to make the determination by 
the electrometric method. However, success with electrometric 
measurements is not always readily attained owing to technical 
and other difficulties. There is, therefore, need of further im- 
provement of electrometric technique so as to render the method 
as convenient, simple, and practical as possible. 

The extensive literature on the subject indicates that certain 
precautions are necessary with both the electrometric and colori- 
metric methods. In both methods the preservation of the orig- 
inal carbon dioxide content of the material to be examined is 
essential. In the electrometric method care must be used in 
addition, to avoid errors due to oxygen. 

From a comparison of the colorimetric and electrometric meth- 
ods it was pointed out by Conway-Verney and Bayliss (1) that 
good agreement is obtained when oxygen is kept out of the elec- 
trode vessel. In electrometric determinations of the pH of blood, 
errors due to oxygen may arise in two ways: first, oxygen may 
inadvertently be introduced into the electrode vessel; and second, 
the oxyhemoglobin may cause a depolarization of the hydrogen 
electrode. Care alone can rule out the first cause of oxygen 
error, but this is simpler in theory than in practice. Success in 
this direction would be more assured if the vessel were reduced 
to minimal capacity and arranged conveniently for washing read- 
ily and quickly with hydrogen. The depolarization caused by 
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oxyhemoglobin can be eliminated, or at least greatly reduced, 
by using a minimal contact between the electrode and the blood. 
This precaution was pointed out long ago by Michaelis (2), and 
has been emphasized recently by Clark (3). 

It is the object of this paper to describe a micro electrode and 
vessel which meet the objections to shaking devices, and of in- 
terference by oxygen and loss of COs, with pH results in good 
agreement with those obtained colorimetrically. The apparatus 
requires only 1 drop of fluid for the estimation, and the filling 
of it depends partly on capillarity of a small side tube of the 
vessel and partly on hydrostatic pressure of the fluid. As far 
as blood is concerned, minimal contact of electrode with fluid 
lessens the interference from oxyhemoglobin and the excellent 
agreement with colorimetric estimations indicates no loss of CO.. 


Description of Electrode and Vessel. 


The vessel is made from Pyrex glass tubing of 10 mm. bore 
and 13 mm. outside diameter. One end of the tube is drawn 
out into a capillary tube and bent into the shape shown in Fig. 1. 
This capillary tube serves for the introduction and removal of 
the fluid to be estimated. The length of the vessel proper is 
about 2 cm.; 7.e., just sufficient to permit clamping to a small 
ring stand. Into the large end of the vessel is fitted a 2-hole 
rubber stopper through which are passed the connecting bridge 
and a small T-tube of 3mm. bore. The T-tube accommodates a 
capillary tube containing the electrode and serves for the intro- 
duction of hydrogen. The electrode consists of a piece of No. 
22 gauge platinum wire 1 cm. in length, sealed into a capillary 
tube. The capillary tube containing the electrode is passed 
through the T tube and is held in position by rubber tubing at 
the upper end. Contact with the electrode is made by means of 
mercury. The connecting bridge consists of a capillary tube 
drawn out and bent so that the tip may be pushed down into the 
constricted portion of the electrode vessel. The bridge is filled 
with saturated potassium chloride containing sufficient agar 
(to 3 per cent) to solidify at room temperature, the mixture being 
previously melted and drawn into the tube by suction and allowed 
to solidify. 
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Connection to a hydrogen generator is conveniently made by 
small rubber tubing with a T-tube and two small metal stop- 
cocks which facilitate rapid control of, and washing with, hy- 
drogen. Stop-cock A connects directly with the hydrogen gene- 
rator. Stop-cock B is momentarily opened during introduction 
of fluid in case it is necessary to lower the pressure in the vessel. 














‘ 
Fia. 1. Micro vessel with electrode (drawn to scale). 

small metal valve to hydrogen supply. 

small metal valve for release of pressure of excess hydrogen. 

T-tube for support of electrode, and inlet of hydrogen. 

electrode in capillary and mercury contact. 

vessel. 

capillary tube for introduction and removal of fluid. 

connecting bridge of capillary with agar-KCl. 
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Use of Electrode and Vessel. 


The fluid for determination of pH is collected under oil (petro- 
latum liquidum, U. 8. P.) when such a precaution is necessary 
(as with blood and other body fluids). After the usual prelim- 
inary flushing of the cleaned vessel with pure hydrogen, the fluid 
is drawn up under oil in a small bore pipette, the opening of which 
is of such size as to permit good contact with the opening of the 
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capillary F (see Fig. 1). It is always advisable to draw the fluid 
into the pipette under oil so as to obtain the necessary hydro- 
static pressure which makes filling of the vessel easy. The tip 
of the pipette is placed in contact with the capillary of the vessel 
immediately after shuting off the current of hydrogen. The 


TABLE I. 
pH Values from Blood and Other Body Fluids by Micro Electrode and Vessel 
and Colorimetrically. 








Fluid | iret | teckel 
Whole dog blood. | 7.11 7.15 
| 7.05 | 6.95 
7.09 | 7.10 
7.19 | 7.20 
Asphyxial dog blood. | 6.82 6.80 
| 
| | 
Beef plasma. | 7.17 7.15 
7.16 7.15 
| 
Horse serum. 7.28 7.30 
7.73 7.70 
Human bile. 6.83 6.80 
Dog bile. 6.17 6.20 
6.35 6.40 
Cat. | 6.09 6.10 
6.75 6.80 
| | 
Ascitic fluid. | 7.21 | 7.20 
Human saliva. 6.94 | 7.00 
| 
Human cerebrospinal fluid. | 7.1 | 7.20 





fluid is now allowed to flow into the vessel until it just touches 
the electrode. Simultaneously, contact of the fluid is made with 
the agar bridge which projects into the constricted portion of 
the vessel. All connections being properly made, measurements 
with a potentiometer are made immediately and as quickly as 
possible. Shaking of the vessel is not required. Equilibrium is 
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rapidly attained, permitting several check determinations to be 
made within 10 minutes. 

The vessel is emptied by flushing with hydrogen, and cleaned, 
if necessary, by introducing distilled water into the capillary. 
When not in use, the vessel is kept filled with distilled water. 

Table I illustrates a number of results obtained with whole 
blood, plasma, serum, cerebrospinal fluid, ascitic fluid, saliva, 
and bile. It is seen that agreements with colorimetric values 
by the method of Levy, Rowntree, and Marriott (4) are good. 
The colorimeter method was used with the additional pre- 
caution of a layer of liquid petrolatum over the blood within the 
celloidin sac and also over the dialysate. 

Originally, a somewhat larger vessel had been used by us for 
obtaining the pH values of over 100 samples of blood and plasma 
from a series of 35 experiments on dogs. These values were al- 
ways confirmed by the colorimetric method just mentioned. The 
agreements were as nearly perfect as could be expected under 
the conditions of the experiments which showed changes from 
the intravenous injections of a variety of agents, asphyxia, etc., 
and of which a preliminary report has been made (5). 

Using the micro electrode and vessel, the following pH values 
were obtained with whole blood during the course of an experi- 
ment on a dog in which different degrees of asphyxia were in- 
duced by increasing the dead space with a long rubber tube at- 
tached to the trachea: Before asphyxia, 7.22 and 7.20; during 
mild asphyxia, 6.98; and at the end of fatal asphyxia, 6.82. 
After measuring these bloods, 0.05 m acid potassium phthalate 
gave 3.97 (theoretical). The results of this experiment show that 
this electrode is capable of detecting the variations in pH ac- 
companying such physiological changes as are induced by dif- 
ferent degrees of asphyxia, and that the results were correct be- 
cause at the end of the experiment, the electrode gave the correct 
value with standard phthalate. 


CONCLUSIONS. 


1, A simple and convenient micro vessel with electrode for 
accurate estimation of pH of blood and other body fluids is 
described. 
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2. The micro vessel requires less than 0.1 ce., usually 0.05 cc., 
or roughly 1 drop, of fluid, permitting the repeated estimation 
of pH of blood and other body fluids of the smallest animals 
with impunity, and the obtaining of blood from human sub- 
jects without stasis from a finger under oil containing a few 
crystals of oxalate. 

3. Estimations with the micro electrode and vessel are made 
rapidly and agree perfectly with those obtained colorimetrically, 
loss of CO, and interference by oxygen being avoided. 
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INTRODUCTION. 


To this day, gout is still recognized mainly on the basis of 
visible urate deposits. The literature abounds in conflicting 


*This paper is No. 19 of a series of studies in metabolism from the 
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this investigation has been defrayed by a grant from the Proctor Fund of 
the Harvard Medical School for the Study of Chronic Diseases. 
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guesses as to the exact nature of the underlying disorder, and 
the total impression produced by this literature is one of con- 
fusion rather than of progress. Various combinations of cir- 
cumstances doubtless are responsible for the long period of 
sterility in so unique and interesting a field of research, but 
the two main causes have been, first, the apparent inapplicability 
of animal experimentation, and, second, the lack of suitable ana- 
lytical technique. Until all the essential facts concerning the 
behavior of uric acid within the normal organism have been 
ascertained, the uric acid metabolism in gout is likely to remain 
a matter of mere speculation. , 

The investigations recorded in this paper were begun on 
the basis of the conviction that we could determine uric acid 
in blood with a precision certainly quite unattainable in earlier 
work. We had no preformed ideas or working theories—other 
than the belief that the first thing to find out should be the 
behavior of administered uric acid. 

The unexpected results obtained have compelled us to try 
to formulate interpretations. It is impossible to do continuous 
research without trying to correlate the facts. While we may 
have been rather too free with new explanations, we have en- 
deavored to confine ourselves to theories which can be tested 
by further experimental work; and if we have omitted to protect 
ourselves by reservations, we have done so because reservations 
seldom serve any useful purpose and take up space—and not 
because we are blind to the fact that original theories are nearly 
always wrong. 

II. 
HISTORICAL REVIEW 


Both Liebig and Woéhler knew that uric acid by oxidation can yield 
allantoin,! but in their joint research? (1838) they proved and emphasized 
the fact that uric acid can be decomposed into urea and oxalic acid, and 
it was this more complete decomposition, rather than the allantoin for- 
mation which became dominant in the metabolism literature of their 
time. In 1848 Wohler and Frerichs* ‘‘proved’’ by intravenous injections 
of uric acid into dogs, and by mouth feeding with man, that the animal 





1 Ostwald, W., Grosse Minner, Leipsic, 2nd edition, 1919, i. 
2 Wohler, F., and Liebig, J., Ann. Chem., 1838, xxvi, 241. 
3 Wohler, F., and Frerichs, F. T., Ann. Chem., 1848, Ixv, 335. 
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organism converts the nitrogen of uric acid into urea. Their results were 
later “‘confirmed’’ by Neubauer‘ as well as by Zabelin,® and for a long 
time it was considered as settled that uric acid when introduced into the 
animal organism is excreted as urea. The occurrence and possible sig- 
nificance of allantoin necessarily remained unknown, since its determina- 
tion or qualitative isolation from urine remained an unsolved problem. 

It may be noted here that the ammoniacal silver precipitation of uric 
acid was first introduced by Salkowski® in 1871 and that it was only after 
the development of this process into the classical Salkowski-Ludwig 
method’ that dependable uric acid determinations in urine became pos- 
sible. Up to that time Heinz’s method for uric acid, and Liebig’s titra- 
tion method for urea were used. It is also to be noted that up to the 
end of the last century protein metabolism, like the metabolism of fats 
and carbohydrates, was looked upon as involving only oxidations, and the 
excretion of uric acid signified incomplete or delayed oxidation. Thus a 
great number of investigations were published intending to show an in- 
creased uric acid output in man under conditions implying diminished 
oxidation, such as impaired respiration, severe cyanosis, carbon monoxide 
poisoning, and others (Bartels*). The fundamental difference between 
the end-products of the protein metabolism as found in birds and reptiles 
on the one hand, and mammals on the other, was interpreted as reflecting 
incomplete oxidations in animals which “seldom drink.’’® 

The first doubt as to the correctness of this deficient oxidation hypoth- 
esis was raised by the results obtained by Cech'® in Salkowski’s labora- 
tory (1877). These results showed that urea when fed to hens is not re- 
covered as urea. Hans Meyer and Jaffé"' in the same year showed that 
the administered urea is excreted mainly in the form of uric acid. The 
theory that uric acid is the result of deficient oxidations within the body 
was definitely replaced by the modern view of the synthetic origin of uric 
acid in birds when Minkowski,” in 1886, showed that the uric acid dis- 





* Neubauer, C., Ann. Chem., 1856, xcix, 206. 

5 Zabelin, Ann. Chem., 1862-63, suppl. 2, 326. 

6 Salkowski, E., Virchows Arch. path. Anat., 1871, lii, 58; Arch. Physiol., 
1872, v, 210. 

7 Ludwig, E. L., Anz. Akad. Wissensch. Math.-naturw. Cl., Wien, 1881, 
xviii, 92. Salkowski, E., and Leube, W. O. L., Die Lehre.vom Harn, 
Berlin, 1882. Ludwig, E. L., Wien. med. Jahrb., 1884, 597. Salkowski, E., 
Z. physiol. Chem., 1890, xiv, 31. 

§ Bartels, K. H. C. B., Deutsch. Arch. klin. Med., 1866, 1, 13. 

®von Liebig, Justus, Animal chemistry or organic chemistry in its 
application to physiology and pathology, Cambridge, 1842. 

10 Cech, C. O., Ber. chem. Ges., 1877, x, 1461. 

" Meyer, H., and Jaffé, M., Ber. chem. Ges., 1877, x, 1930. Meyer, H., 
Beitrige zur Kenntniss des Stoffwechsels im Organismus der Hiihner, 
Dissertation, Kénigsberg, 1877. 

2 Minkowski, O., Arch. exp. Path. u. Pharmakol, 1886, xxi, 41; 1893, xxxi, 
214. 
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appeared almost completely from the urine of geese after extirpation of 
the liver. 

Fundamental work by Miescher and Kossel in the 70’s and early 80’s 
had in the meantime furnished a chemical foundation for a more definite 
interpretation of the metabolic origin of uric acid. Horbaczewski’® first 
demonstrated the formation of uric acid from nuclein materials by in 
vitro experiments (with spleen pulp), but he unfortunately also side- 
tracked subsequent investigations by his hypothesis of dead leucocytes 
being the only precursors of the uric acid. The origin of this hypothesis 
from earlier observations" of high uric acid excretion in leukemia is ob- 
vious enough, but the unconditional linking together of leucocytosis and 
uric acid excretion was a mistake.'® 

Numerous investigations showing greatly increased uric acid excretion 
by man after feeding thymus, pancreas, or liver were carried out in 1895 
and 1896 (Weintraud, Umber, and others’*), and these proved that Hor- 
baczewski’s view of leucocytosis after meals as the cause of the extra uric 
acid excretion could not be correct. A clear understanding of the dif- 
ferent sources of the uric acid in man was presented by Burian and Schur,” 
who introduced and successfully developed the concepts of endogenous 
and exogenous uric acid (1900-06). Burian and Schur concluded from their 
own experiments, as well as from data gathered from the literature, that 
the endogenous uric acid output in any given individual has a constant 
value, that the value is different for different individuals, and, finally, 
that within wide limits the value is independent of the protein content of 
the faod. Sivén,’* independently, obtained similar results about the same 


time, and for much wider variations in the protein content of the food: 


(21 to 2.8 gm.). 

As often happens in connection with pioneer research, so here the es- 
sential conclusion was overdrawn. That the endogenous uric acid excre- 
tion is influenced to a considerable, though variable, extent by the protein 
content of the food was shown (1905) by Folin.'® Folin’s findings by no 
means destroyed the validity of the endogenous uric acid concept of Burian 
and Schur, but they showed that some unknown modifying factors are 





13 Horbaczewski, J., Monatsh. Chem., 1889, x, 624; 1891, xii, 221. 

4 Ranke, H., Beobachtungen und Versuche iiber die Ausscheidung 
der Harnsiiure beim Menschen im physiologischen Zustande und in einigen 
Krankheiten, Miinchen, 1858. Jacubasch, H., Virchows Arch. path. Anat., 
1868, xliii, 196. Salkowski, E., Virchows Arch. path. Anat., 1870, 1, 174. 

15 Richter, P. F., Z. klin. Med., 1895, xxvii, 290. 

16 Weintraud, W., Berl. klin. Woch., 1895, xxxii, 405. Umber, F., Z. 
klin. Med., 1896, xxix, 174. 

17 Burian, R., and Schur, H., Arch. Physiol., 1900, lxxx, 241; 1901, lxxxvii, 
239; 1903, xciv, 273. Burian, R., Med. Klin., 1905, i, 131; 1906, ii, 479, 514, 
540. 
18 Sivén, V. O., Skand. Arch. Physiol., 1901, xi, 123. 
19 Folin, O., Am. J. Phystol., 1905, xiii, 66. 
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involved. MareS?° and Smetdnka*’ attempted to designate these factors 
on the basis of increased activity on the part of the digestive glandular 
organs in response to protein food. More recently, Lewis? and associates 
have advanced the view that the increased uric acid which they have 
obtained after feeding amino acids may be a consequence of the high 
specific dynamic action of these products. Through all the more re- 
cent literature on endogenous uric acid the variations in the excretions 
have been interpreted on the basis of corresponding variations in the 
production. 

The factors governing the production and excretion of exogenous uric 
acid have been subjected to much investigation. Here, as in the case of 
the endogenous uric acid, the actual results obtained from metabolism 
experiments have rarely been in satisfactory agreement with the under- 
lying theoretical considerations. Weintraud'* (1895) noticed the dis- 
proportion between the amounts of purines fed in the form of calves’ 
thymus and the amounts of uric acid excreted. Minkowski,” after feed- 
ing 3 gm. of hypoxanthin to a normal person recovered 49 per cent in the 
form of uric acid. Burian and Schur similarly obtained only 46 per cent 
recovery of urinary purines after taking 1.6 gm. of hypoxanthin. Burian 
and Schur made many laborious analyses of the purine contents of 
different food materials in order to learn how much was excreted. The 
validity of these tissue analyses** was questioned by Loewi*® and again 
verified by Burian and Hall.*¢ 

Burian and Schur made many feeding experiments with liver, spleen, 
beef, veal, and bacon, and recorded an average purine recovery of about 
50 per cent in terms of the ‘‘purine content’’ of the food. From their 
own data, as well as those of others,?*?* representing thirteen experi- 
ments with six different subjects, they concluded that, of absorbed purine 
material, a large fraction disappears and about 50 per cent is normally 
recovered as uric acid. Burian and Schur undoubtedly laid too much 
stress on this figure, for some of their own results were quite different. 
With two different individuals they recovered only about 25 per cent. 





20 Mares, F., Arch. Physiol., 1910, exxxiv, 59. 

21 Smetinka, F., Arch. Physiol., 1911, exxxviii, 217. 

2 Lewis, H. B., and Doisy, E. A., J. Biol. Chem., 1918, xxxvi, 1. Lewis, 
H. B., Dunn, M.8., and Doisy, E. A., J. Biol. Chem., 1918, xxxvi, 9. Lewis, 
H. B., and Corley, R. C., J. Biol. Chem., 1923, lv, 373. 

23 Minkowski, O., Arch. exp. Path. u. Pharmakol., 1898, xli, 375. 

*4 Burian, R., and Schur, H., Z. physiol. Chem., 1897, xxiii, 55. 

% Loewi, O., Arch. Physiol., 1902, lxxxviii, 296. 

*° Burian, R., and Hall, J. W., Z. physiol. Chem., 1903, xxxviii, 336. 
Hall, I. W., The purin bodies of food stuffs and the réle of uric acid in 
health and disease, London, 2nd edition, 1903. 

27 Kriiger, M., and Schmid, J., Z. physiol. Chem., 1901-02, xxxiv, 549. 

*8 Kaufmann, M., and Mohr, L., Deutsch. Arch. klin. Med., 1902, lxxiv, 
157, 348, 586. 
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Schittenhelm, a persistent advocate of the destruction theory, in ex- 
periments with Frank,?? fed sodium nucleate (from thymus nucleic acid) 
to three subjects. The recovery, in the form of urinary uric acid, was 
5, 10, and 41 per cent, respectively. Dohrn,** in a similar experiment 
with thymus nucleic acid recovered 11 per cent from a normal individual. 
Rother,*! in experiments with yeast nucleic acid in two practically nor- 
mal subjects recovered 12 and 36 per cent; these figures, however, are 
minimum figures, since Rother did not follow up the experiments long 
enough to get the uric acid output back to the original levels. 

The inevitable weak point in all feeding experiments is the uncertainty 
about the extent of absorption, and the form in which absorption takes 
place. This is well illustrated in these experiments. Frank and Schitten- 
helm’s cases, with the low recovery, showed before the beginning of the 
experiment a feces nitrogen of more than 20 per cent of the urinary ni- 
trogen, indicating some intestinal disturbance. In these cases most of 
the phosphorus of the nucleic acid was recovered from the feces, contrary 
to what happened in their third case with the higher recovery, where 
most of the phosphorus given was found in the urine. The same consider- 
able increase in the phosphorus of the feces was found by Dohrn, who 
concluded (as Schittenhelm might have done) that intestinal destruction 
of most of the nucleic acid given, was the cause of the low urinary recovery. 

Sivén,* like Burian and Schur, registered a recovery of about 50 per 
cent 6f the food purines, the purines having been taken as 1,000 cc. of 
beef broth a day, containing a purine quantity equal to Sivén’s own en- 
dogenous uric acid output. Sivén went on to prove that the loss occurred 
in the intestinal canal, in other words that there was no loss in the strict 
metabolic sense of the word. One of the few unanimous results obtained 
by all investigators is that the feces never contain more than traces of 
purine bodies. Likewise there is an agreement that the pancreatic or 
intestinal juice does not break up the purine ring. Sivén** reentered a 
road opened by Baginsky** in 1884 and now showed that Bacterium coli 
in test-tube experiments in 24 to 48 hours split considerable quantities 
of purines (beef broth). The degree to which this breakdown takes place 
was studied by Thannhauser and Dorfmiiller,** who showed that the 
bacterial flora of the human intestines metabolizes the nitrogen of nucleo- 
sides into ammonia. In 20 days’ experiments, 70 to 100 per cent were 





29 Frank, F., and Schittenhelm, A., Z. physiol. Chem., 1909, Ixiii, 269. 
Brugsch, T., and Schittenhelm, A., Der Nukleinstoffwechsel und seine 
Stérungen, Jena, 1910. 

30 Dohrn, M., Z. physiol. Chem., 1913, Ixxxvi, 130. 

3 Rother, J., Z. physiol. Chem., 1921, exiv, 149. 

82 Sivén, V. O., Arch. Physiol., 1912, exlv, 283. 

83 Sivén, V. O., Arch. Physiol., 1914, elvii, 582. 

34 Baginsky, A., Z. physiol. Chem., 1883-84, viii, 395. 

%$ Thannhauser, S. J., and Dorfmiiller, G., Z. physiol. Chem., 1918, cii, 
148, 
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metabolized. Rother,*! in experiments with yeast nucleic acid and human 
feces in test-tubes, confirmed the ammonia formation and showed that 
the destruction after 40 to 48 hours in a thermostat represented about 
one-half of the nucleic acid originally present. 

The main conclusion to be drawn from the results reported in 
these different papers is that the intermediary destruction of uric acid in 
man cannot be definitely proved (or disproved) by means of feeding 
experiments. ** 

It is interesting to note that Burian and Schur actually fortified their 
theory of uric acid destruction in man by two hypodermic uric acid injec- 
tions, especially since other investigators have ‘‘proved’’ the indestruc- 
tibility of uric acid in the human organism by means of similar experiments. 

Before citing the literature which has been accepted as proving that 
man does not destroy uric acid, it is necessary to refer to the history of 
allantoin, for the newer developments are based to a large extent on al- 
lantoin findings. 

In 1876, Salkowski*’:*8 fed solid uric acid to dogs, and showed that a 
part of the uric acid was excreted in the form of allantoin. Salkowski 
also found allantoin in the urine of two meat-fed dogs, but as he was un- 
able to find it in the urines of seven other meat-fed dogs he failed to recog- 
nize that allantoin is a normal constituent of dog’s urine. Salkowski’s 
discovery remained isolated it not forgotten, until Minkowski, in 1898, 
again discovered allantoin in the urine of dogs—after feeding the animals 
with calves’ thymus. Minkowski was unable to find the allantoin when 
horse meat was substituted for thymus. On feeding allantoin to man and 
to dogs, he recovered in the urine about 70 per cent in the case of the dogs, 
as against only about 20 per cent in man, and on the basis of these findings 
Minkowski tentatively concluded that the decomposition of allantoin, 
with urea formation, occurs more readily in man than in dogs. Minkow- 
ski’s findings were confirmed by Cohn,** Salkowski,*® Poduschka,*! Men- 
del,#? and others. These findings necessarily raised the question whether 
and to what extent allantoin occurs in urine as one of the end-products of 
purine metabolism (Burian'’). But it was only after Wiechowski had 
devised a method for at least approximately dependable determinations 





6 Results, supposed to indicate an intestinal destruction of endogenous 
uric acid, have recently been issued by H. Steudel (Steudel, H., Z. physiol. 
Chem., 1922-23, exxiv, 267). There is no doubt that Steudel, working with 
not quite fresh urines, turned over to him by Rubner, has encountered and 
failed to interpret the not uncommon disappearance of uric acid in urines on 
standing. 

37 Salkowski, E., Ber. chem. Ges., 1876, ix, 719. 

38 Salkowski, E., Ber. chem. Ges., 1878, xi, 500. 

8° Cohn, T., Z. physiol. Chem., 1898, xxv, 507. 

4° Salkowski, E., Centr. med. Wissensch., 1898, xxxvi, 929. 

“t Poduschka, R., Arch. erp. Path. u. Pharmako!., 1900, xliv, 59. 

* Mendel, L. B., and Brown, E. W., Am. J. Physiol., 1899-1900, iii, 261. 
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of small as well as of large amounts of allantoin in urine (1907) that the 
researches began to yield consistent results. Wiechowski*® was able to 
show that allantoin is a constant product of the endogenous metabolism 
of the dog, cat, rabbit, and monkey, and that the allantoin excretion on 
purine-free diets exhibits about the same degree of uniformity as Burian 
and Schur had found for the endogenous excretion of uric acid in man. 

In the course of his endeavors to prove that allantoin in the urines of 
animals has the same origin and significance as the uric acid in man, 
Wiechowski***** took particular pains to isolate and identify the small 
amount of allantoin excreted by man on purine-free diets. The daily 
allantoin excretion in man amounted to only 12 to 14 mg., and was no 
greater in leukemia (one case) or in gout (two cases). 

The most extensive investigations based on the concept of the identical 
origin and significance of uric acid and allantoin are those of Hunter“ 
and his coworkers. They have determined the total purines, the uric 
acid, and the allantoin in the urines of a large series of different animals, 
and have introduced the term uricolytic index to express the per cent of 
uric acid nitrogen plus allantoin nitrogen represented by allantoin. This 
index varies between 80 and 98 for the different animals investigated. 

The fact that endogenous allantoin, at least in part, has the same meta- 
bolic origin and significance as uric acid is important enough; but from 
this fact it does not necessarily follow that the uric acid which is destroyed 
within the animal organism is quantitatively excreted in the form of 
allantoin. It would appear that Wiechowski adopted the view of such 
quantitative transformation and excretion mainly because he found that 
in uricolysis experiments with liver extracts the uric acid is quantitatively 
converted into allantoin. This observation, coupled with the fact that 
uricolysis can be obtained with tissues of animals which normally excrete 
allantoin, but not with human tissues is, of course, suggestive (Wiechow- 
ski,*7 Jones,** and Schittenhelm*®). 

But there is room for skepticism as to the true significance of such 
experiments, and the interpretations drawn from them must be confirmed 
by means of real metabolism experiments. The recorded metabolism 





48 Wiechowski, W., Beitr. chem. Physiol. u. Path., 1908, xi, 109. 

“4 Wiechowski, W., Biochem. Z., 1909, xix, 368. 

45 Wiechowski, W., Biochem. Z., 1910, xxv, 431. 

46 Hunter, A., and Givens, M. H., J. Biol. Chem., 1912-13, xiii, 371; 
1914, xvii, 37. Hunter, A., J. Biol. Chem., 1914, xviii, 107. Hunter, A., 
Givens, M. H., and Guion, C. M., J. Biol. Chem., 1914, xviii, 387. Hunter, 
A., and Givens, M. H., J. Biol. Chem., 1914, xviii, 403. Hunter, A., and 
Ward, F. W., Trans. Roy. Soc. Canada, 1919, xiii, sect. 4, 7. 

47 Wiechowski, W., Arch. exp. Path. u. Pharmakol., 1909, lx, 185. 

48 Winternitz, M. C., and Jones, W., Z. physiol. Chem., 1909, Ix, 180. 
Miller, J. R., and Jones, W., Z. physiol. Chem., 1909, lxi, 395. 

49 Schittenhelm, A., Z. physiol. Chem., 1909, Ixiii, 248. 











fir 
mi 


all 
be 


je 
ur 


ac 








XUM 


O. Folin, H. Berglund, and C. Derick 369 


experiments bearing on the subject may be divided into three different 
kinds, namely: 

(a) Subeutaneous or intramuscular injections of urate solutions into 
animals—which should yield approximately 100 per cent recovery in the 
form of much allantoin plus a little uric acid. (Under (a) may be in- 
cluded the few experiments with allantoin which are less important, but 
should prove the indestructibllity of allantoin in the animal as well as 
in the human organism.) 

(b) Subcutaneous injections of uric acid into human subjects. These 
should yield approximately 100 per cent recovery in the form of extra 
uric acid. (Under (b) may be included similar experiments with definite 
precursors of uric acid.) 

(c) Intravenous injections of uric acid in man, which should also yield 
approximately complete recovery in the form of uric acid alone. 

(a) Wiechowski** seems to have made only a couple of subcutaneous 
uric acid injections in animals, probably because uric acid so administered 
is distinctly toxic and this produces confusing results. 

To a fasting dog he gave 600 mg. of uric acid in the form of sodium 
urate. The recovery in 24 hours was 104 per cent, of which 24 per cent 
was uric acid and the rest allantoin. This apparently excellent result is 
somewhat impaired by the marked toxic effects accompanied by a material 
increase in the total nitrogen excretion. 

From a similar subcutaneous injection of urate into a rabbit, Wiechow- 
ski recovered only 56 per cent. 

Hunter and Givens*® have made similar experiments (with a monkey). 
In their first experiment they injected subcutaneously 40 mg. per kilo 
of body weight. The effects of the urate, both general and local, were 
very severe. Extensive necrosis occurred at the place of the injection. 
The uric acid plus allantoin recovery, if extended over a period of 8 days, 
weuld have been 100 per cent, but the authors properly concluded that 
the experiment was valueless for such purposes. In two other similar 
experiments, with 20 and 30 mg. of uric acid per kilo, they recovered 40 
to 50 per cent of the uric acid as such and obtained very little extra 
allantoin, 

These experiments taken all together constitute a rather meager con- 
firmation of the view that administered uric acid must be excreted as a 
mixture of uric acid and allantoin. 

The excretion of allantoin in response to subcutaneous injections of 
allantoin in man was studied by Wiechowski (three experiments). His 
best recovery was 74 per cent. Hunter and Givens from three similar 
injections of allantoin in a monkey recovered from 75 to 90 per cent. In- 
jections of allantoin produced none of the toxic symptoms obtained from 
uric acid. 

(b) We have found the records of six hypodermic injections of uric 
acid into human subjects. Two of these were made by Burian and Schur 


5° Hunter, A., and Givens, M. H., J. Biol. Chem., 1914, xvii, 37. 
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and have already been mentioned. They gave a recovery of about 50 
per cent. Of the other four, two were made by Soetbeer and Ibrahim,*! 
and two by Wiechowski.‘? 

Soetbeer and Ibrahim dissolved the uric acid by means of piperazine. 
In the first subject they injected 860 mg. of uric acid. During the day 
of the injection the increase of the uric acid elimination above the previous 
level corresponded to 75 per cent of the uric acid administered. The ex- 
periment had to be discontinued after this lst day, the subject refusing 
further cooperation. Ibrahim then received 1,260 mg. and excreted above 
the average previous output 81 per cent during the Ist day, 18 per cent 
during the 2nd day, another 28 per cent extra during the 3rd day; and 
during the 4th and 5th days, taken together, another 45 per cent, making 
all together an extra elimination of about 170 per cent. At that time 
the output was not yet back to normal, but the experiment was discon- 
tinued since the condition of the subject ‘‘did not make a further con- 
tinuation advisable.’’ At that same time the nitrogen output had risen 
from a previous average of 23.1 to 26.3 gm. aday. It is quite evident that 
no conclusion concerning the destruction or non-destruction of uric acid 
in man can be drawn from these experiments. There is no doubt about 
an extra, what we may call “toxic,’’ uric acid elimination playing a con- 
fusing réle in the experiment. 

Wiechowski injected hypodermically into himself in two experiments 
990 and 440 mg. of uric acid, respectively, both times in the form of sodium 
urate. The recovery after the first injection amounted to 82 per cent, 
distributed over 3 days. From the second experiment Wiechowski re- 
covered 50 per cent during the lst day, the 2nd day showed a lower out- 
put than any day during the control period, and the 3rd day a slightly 
elevated figure. We do not think it correct to add this to the recovery 
figure from the Ist day, as Wiechowski did. His total recovery was 61 
per cent. 

An intramuscular injection into a gouty man of 500 mg. of uric acid 
dissolved in piperazine (von Benczur,* in Brugsch’s Clinic) followed by fever 
up to 39°C. and very marked general reaction for 2 days demonstrates 
clearly the toxic effect of the injection, and the figures allow no certain 
conclusion about the degree of recovery of the uric acid. 

Subcutaneous or intramuscular injections of adenosine and guanosine 
have proved just as unsatisfactory as the uric acid injections for demon- 


‘strating the indestructibility of uric acid. Such injections were first used 


by Thannhauser and Bommes.* Rother,*4 at that time working with 
Brugsch, presented an adequate criticism of some of the recovery cal- 
culations of Thannhauser and Bommes, and, after the presentation of 
new experimental material, concluded that the nucleoside injections of- 





51 Soetbeer, F., and Ibrahim, J., Z. physiol. Chem., 1902, xxxv, 1. 

%2 von Benczur, G., Z. exp. Path. u. Therap., 1909-10, vii, 339. 

*3 Thannhauser, S. J., and Bommes, A., Z. physiol. Chem., 1914, xci, 336. 
* Rother, J., Z. physiol. Chem., 1920, ex, 245. 
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fered no support for the indestructibility theory. Later and more exten- 
sive experiments by Thannhauser and Schaber** do not seem to disprove 
the conclusion of Rother, as can be seen from the subjoined table which 
contains the results presented in the three papers just mentioned. 














Table Showing Uric Acid Excretion from Subcutaneous or Intramuscelie 
Injections of Adenosine and Guanosine. ‘ 
Purine Subject. | Recovery Author. Remarks. 2 iti 
compound. | | (uric acid). o 
sais per cent | j -" 
Adenosine. | Normal. 64 | Thannhauser.| Thannhauser clawed 
4 | 82 per cent recov™ 
| ery. See Rother’s 
| | criticisms. 

- - Nothing. | Rother. Vomiting; heart 

symptoms. 

“ ” 120 | Thannhauser.| Fever. Uric acid 

above normal at 
the end of the ex~ 
periment. 

“ | « 89 | “ 

“ | " 117 - No return to normal 
excretion. 

- ” 50. | ” Thannhauser claimed 
recovery of_,61 per 
| | cent. 

a 40 | “ Thannhauser claimed 
recovery of 47 per 
cent. 

" | Gout. | 70 | ° Thannhauser claimed 

“ | vis | Nothing. ad recovery of 85 per 

Guanosine. | Normal. | 76 m cent. 

= ” 126 | - Slight fever. Excre- 
tion greater the 2nd 
| day than on the Ist, 

" “ 18 | Rother. 

hate We alee i | “ 

” | 79 ss | Fever. 

5 | Arthritis. | 53 i " ite 

4 Normal. 101 | Thannhauser.| 

“ “ 36 “ | 

a | Gout. 120 | _ | Gout attack. 

“ | “ | 0 “ 





5 Thannhauser, S. J., and Schaber, H., Z. physiol. Chem., 1921, exv, 170, 
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Injections of nucleosides have also been undertaken by Gudzent, Wille, 
and Keeser®* to support the indestructibility theory, and by Schittenhelm 
and Harpuder*’ to tear it down. The striking feature is the wide varia- 
bility of the recovery results, ranging between zero and more than 120 
per cent for the adenosine, and between 18 and 126 per cent for the guano- 
sine. Another factor to which attention is called is the toxicity of the 
products demonstrated not only by high temperatures but, for adenosine, 
also by vomiting and symptoms from the heart (Rother). Another toxic 

symptom is the long continued elevation of the uric acid output in two 
t of the adenosine injections, where the experiments were discontinued 
before the normal level was reached, with recovery of about 120 per cent. 

(c) Finally, we have the intravenous injection of uric acid, introduced 
by Umber, in 1910. Umber and Retzlaff’ used 500 mg. of uric acid dis- 
solved by means of 1 gm. of piperazine in 30 cc. of water. From results 
obtained by this method Umber concluded that the normal individual 
does not destroy uric acid. This statement of Umber has been widely 





oh accepted. It is therefore important to state that it seems to have been 
* based upon the results from two individuals, one of whom excreted 80 
th per cent in 4 days, the other 95 per cent in 2 days. We have not been able 
of to find the published records of these two experiments. 

he Several workers have made use of Umber’s method, most of them for 
os the same purpose as Umber, the study of the behavior of the gouty in- 
" dividual. Thus the study of the normal individual has been neglected. 


Dohrn,* during his studies of the action of atophan, injected four normal 
individuals, each with 500 mg. of uric acid. We cannot accept Dohrn’s 
interpretation of the results revealed by his tables. Dohrn concludes 
that three of the individuals showed a quantitative recovery, while the 
fourth one (Table 6) excreted 63 per cent only. We must conclude that 
of the other three, one excreted 58 per cent only and this during the day of 
injection (Dohrn’s Table 4); another one excreted either 39 per cent in 
1 day, which seems to us the best interpretation, or 123 per cent in 5 days 
(Dohrn’s Table 7) ; and the last one excreted 307 per cent in 5 days (Dohrn’s 
Table 5). Using the same method, Griesbach,® in three comparatively 
normal individuals recorded a recovery of 22, 49, and 68 per cent, respec- 
tively, and concluded that the procedure could not be used to demon- 
t strate the absence of uricolysis in man. To the excessive recoveries of 
more than 100 per cent already reviewed, can be added another two by 
Bass," where 164 and 133 per cent, respectively, were recovered. 





56 Gudzent, Wille, and Keeser, Z. klin. Med. 1921, xc, 147. Gudzent, 
F., Berl. klin. Woch., 1921, lviii, 1401. 

57 Schittenhelm, A., and Harpuder, K., Z. ges. exp. Med., 1922, xxvii, 14. 

58 Umber, F., and Retzlaff, K., Verhandl. Kong. inn. Med., 1910, xxvii, 
436. 

59 Dohrn, M., Z. klin. Med., 1912, Ixxiv, 445. 

6° Griesbach, W., Biochem. Z., 1920, ci, 172. 

61 Bass, R., Zentr. inn. Med., 1913, xxxiv, 977. 
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During the 90’s piperazine given by mouth was used in the therapeutics 
of gout to promote the excretion of uric acid. Itseems unfortunate, there- 
fore, that piperazine was adopted in Umber’s technique. Its effect on 
the uric acid output is clearly demonstrated by Dohrn who, in two ex- 
periments, injected 1 gm. of piperazine intravenously into a gouty indi- 
vidual, and both times obtained a definite increase of the uric acid elimina- 
tion. These observations become only more outstanding by the third 
experiment on the same individual. In this experiment the injection of 
500 mg. of uric acid failed entirely to produce any increased uric acid 
elimination. Contrary to Dohrn’s suggestion, the slightly increased 
diuresis (to 1,700 and 1,400 cc., respectively) after the piperazine injec- 
tions does not explain the increased uric acid elimination. Biirger,™ 
working in Schittenhelm’s Clinic, compared, in twelve non-gouty indi- 
viduals, the recovery of injected uric acid dissolved by means of pipera- 
zine with the recovery of the same amount of uric acid dissolved in boil- 
ing water by the addition of 0.1 N sodium hydroxide according to Schade 
and Boden.* From the injections of the latter preparation, Biirger con- 
sistently obtained only about one-half as much as he recovered from the 
piperazinized uric acid injections. It is difficult to judge about Biirger’s 
results since he evidently did not check up the amount of uric acid which 
might have been destroyed during the boiling of the sodium urate solution. 
Most likely this criticism does not influence the general trend of his 
results, but it makes his figures less serviceable for percentage calculations. 

Other results obtained by Gudzent* and his coworkers may be referred 
to, but their figures, obtained from intravenous sodium urate injections, 
are so different from the results obtained by others or by ourselves that 
we cannot undertake to interpret them. 

It is clear enough from the data recorded from the literature, that 
Wiechowski’s theory about the indestructibility of uric acid in man has 
received very little support from metabolism experiments. But if that 
theory becomes untenable—that is if there is destruction of uric acid— 
there must either occur extensive destruction of allantoin as well, or else 
the destruction of uric acid goes in some other way, since human urine 
contains only insignificant traces of allantoin. From the recent papers 
of Biltz** on the chemical oxidation of uric acid one might infer that al- 
lantoin need not be the only substance produced if uric acid is oxidized 
within the animal body. 

III. 


When lithium urate solutions are taken by mouth or through 
a duodenal tube scarcely a trace of the ingested uric acid finds 
its way into the urine. Because of this remarkable fact it is 
not possible to study the fate of uric acid within the human 

® Birger, M., Arch. exp. Path. u. Pharmakol., 1920, lxxxvii, 392. 


6° Schade, H., and Boden, E., Z. physiol. Chem., 1913, lxxxiii, 347. 
* Biltz, H., and Schauder, H., J. prakt. Chem., 1923, evi, N. s., 108. 
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organism by the same sort of experiments as can be used, and 
have often been used, to elucidate the behavior of other equally 
simple substances of physiological importance, such as urea, 
creatinine, creatine, amino acids, or sugar. It is manifestly 
essential to know what does happen to uric acid within the 
human organism before one can accept without reservation 
the more comprehensive, but also more complex, story of purine 
metabolism as presented in the best modern literature. Yet it 
is precisely in regard to the fundamental question whether uric 
acid is or is not in part destroyed within the human organism 
that the abundant uric acid literature fails to reveal adequate 
investigation or convincing results. 
TABLE I. 

Showing the Distribution of Uric Acid in Dogs before and after Injection of 

Uric Acid (100 Mg. per Kilo). 





Uric acid per 100 gm. of tissue. 


6 : é - _ a Remarks. 
Z = = = 2 m 6 g 
u =e % Zz £ S$ 3 | 
& = aisiels|a ie 
Sem B. At ae OES es 
ko. | m7. m)}. m4. m)}. m7. m4 
1 | 7.5 |0.5|1.2|2.2/1.3]}1.2| 1.2} Normal. 
2 4.3 |0.6|) 2.5), 1.4)}2.8;2.5| 1.4 - 
3 | 8.1 (11.6) 2.5) 4.7 | 3.8) 1.2 | 126.0 ||10 min. after injection 
4 10.8 (29.8 | 4.4 7.6 | 162.0 |! of 100 mg. uric acid 


per kilo. 


The only way, probably, to settle this question is by intra- 
venous injections of uric acid, and in this paper we shall discuss 
the problem on the basis of evidence furnished by injection 
experiments. As already intimated, we were compelled to 
resort to this line of work by the negative findings obtained 
from ordinary feeding experiments as well as from injections 
of lithium urate solutions through a duodenal tube. Before 
proceeding with a discussion of the behavior of uric acid in 
man we must present certain data obtained from analogous 
experiments with dogs, because these seem to elucidate several 
important aspects of the main problem. 

The uric acid metabolism in the dog differs so much from 
the corresponding process in man that at first it seemed scarcely 
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worth while to include this animal in our studies. It seemed 
probable, however, that at least one important point, namely 
the immediate distribution of injected uric acid among the 
different tissues of the body, might be cleared up by the use 
of animals. The results obtained with dogs have been unexpected 
and not easy to interpret, and we have, therefore, been com- 
pelled to make many more experiments than we had any thought 
of making when we began. 

In Table I are shown the results of four experiments made 
for the purpose of revealing the immediate distribution of in- 
jected uric acid. The first two dogs had received no uric acid 
and the figures obtained from these serve merely to illustrate 
the “uric acid” values one obtains from the tissues of ordinary 
normal animals. These control figures must represent uric 
acid in part, but they may include other products as well which 
also give a color with the uric acid reagent. These unknown 
materials are relatively abundant in the liver. The products 
may in part be removed by first precipitating the uric acid 
from the tissue extract by means of silver lactate, and in the 
beginning we made some of our tissue analyses by means of 
the silver lactate precipitation. But the figures recorded in 
this paper are to be interpreted as representing colorimetric 
estimations made directly on protein-free tissue filtrates. 

The tissue filtrates were obtained in the following way. 


10gm. still warm organ were ground with 10 gm. fine sand, transferred into 
a liter flask with about 400 ce. boiling 0.01 N acetic acid, boiled for 5 min- 
utes and cooled; the protein precipitation was then finished by means of 3 cc. 
10 per cent sodium tungstate and 3 cc. 3 N sulfuric acid. The mixture was 
made up to 500 gm. and filtered. The filtrates were either used directly 
for the uric acid determination or, in the case of a low uric acid content, 
an aliquot part was first concentrated to one-fifth. When silver lactate 
precipitation was used, a small amount of NaCl had to be added to the 
filtrate. 

During the latter part of this work the filtrates have been obtained in 
a simpler and even more satisfactory way. 5 gm. still warm organ were 
well ground with 5 gm. fine sand and 5 cc. 10 per cent sodium tungstate. 
The mixture was transferred into a 500 cc. flask, made up to 250 gm., thor- 
oughly shaken and the precipitation finished by means of 5 cc. } N sul- 
furic acid. Filtration. According to the uric acid concentrations ex- 
pected in the organ, the degree of dilution has sometimes been modified, 
the mixture having- been made up to 125 or to 500 gm. 
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Even for the blood plasma the dilutions have been varied according to 
the expected concentrations. Thus plasma dilutions varying from 1:5 
up to 1:100 have been used. 

All the uric acid determinations were made by means of the improved 
uric acid reagent described in the following paper and by the help of a 
sodium cyanide which alone gave absolutely no color with the reagent. 


Animals whose blood contains at the most only a small fraction 
of a milligram of uric acid per 100 ec. of blood and whose urine 
is nearly free from uric acid might, nevertheless, carry uric 
acid in the tissues, including the muscles. There is no evidence 
showing that such animals do not produce endogenous uric acid. 
On the contrary, all the available evidence points to production 
followed by destruction, and is so interpreted. On the basis 
of this point of view the muscles of the dog should contain uric 
acid as surely as the muscles of man, though the quantity might 
be smaller. 

From the preliminary analyses recorded in Table I it is clear, 
first, that the kidneys have a special power to abstract uric 
acid from the circulating blood, and, second, that it is doubtful 
whether circulating uric acid can enter any of the other tissues. 
Since the excised tissues always contain some blood, absolutely 
negative values for tissue uric acid are practically unobtainable 
when the blood contains uric acid. To us it seems untenable 
to assume that any uric acid can enter other tissues than the 
kidneys when the amount found is so small that it can be due 
to the unknown preexisting reducing materials plus the uric 
acid of the blood. Substances which can enter the tissues, 
urea, creatine, and creatinine, do so with the utmost speed up 
to the point of approximate equilibrium between the concen- 
tration in the blood and in the tissues. There is no reason 
for assuming that forces other than those of diffusion are re- 
sponsible for the distribution of those other substances Complete 
blocking of such diffusion of the injected urate seems more 
reasonable than nearly complete blocking, since urates diffuse 
rapidly through ordinary membranes, including dead animal 
membranes. The point here raised is of far reaching theoretical 
importance, not only for a correct interpretation of the sub- 
sequent experiments recorded in this section, but also for an 
understanding of the distributions obtained with human sub- 


























O. Folin, H. Berglund, and C. Derick 377 





jects. We, therefore, want to make it perfectly clear that 
our conclusion that the uric acid does not enter such tissues 
as the muscles represents, to a certain extent, interpretation 
rather than complete experimental proof. It may be argued 
that the distribution of uric acid to the tissues might be nearly 
as rapid as the distribution of urea or creatinine, since this 
fact could be masked by a correspondingly rapid destruction. 
One effect of such a destructive process, however, should be 
to hasten greatly the diffusion of the uric acid into the tissues— 
yet we are perfectly certain that the distribution process for 
uric acid is of a relatively low order. According to present 
day accepted teachings, there is no teleological reason why 
uric acid should diffuse into muscular tissues since “the uric 
acid is destroyed in the liver.” 

This view, in so far as it is correct, would serve to confirm 
the validity of our conclusion that uric acid is not distributed 
to the muscular tissues. But our analyses also indicate that 
there is no distribution of injected uric acid to the liver. This 
special aspect of uric acid distribution (and destruction) can 
be better discussed in connection with some of our later ex- 
periments. For the present, therefore, we only emphasize that 
at the most there can be but an insignificant distribution of 
injected uric acid to tissues other than the kidneys. 

In the absence of a general distribution of injected uric acid 
it is obvious that the rate of destruction can be followed by means 
of blood analyses very much better than would be the case if 
the uric acid were freely distributed to all the tissues in the 
body. This destruction is so rapid that the excretion by the 
kidneys can be disregarded, especially since the kidneys, as 
a matter of fact, excrete only traces of uric acid in response 
to injections of 100 mg. per kilo of body weight. The following 
experiment may be cited to illustrate the apparent speed of 
uric acid destruction in the dog. 100 mg. per kilo were injected 
in 2 minutes. The first blood was taken 30 seconds later. It . 
contained 141 mg. of uric acid per 100 cc. of plasma. A second 
sample, taken 2} minutes later, gave a plasma value of only 
49.6 mg. 91.4 mg. per 100 cc. of plasma had thus disappeared 
in the course of 2} minutes. From other experiments we have 
reason to believe that none of the disappearance can be ascribed 
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to absorption by the kidneys, for they become filled up even 

before the injection is finished. Notwithstanding the extra- 

ordinarily high uric acid level found in the first blood, the greater 

part must have been destroyed before that blood was taken— 

in other words, during the injection. It is, therefore, not possible 
TABLE II. 

Showing Rate of Disappearance (Destruction) of Uric Acid in the Dog. 





Uric acid 
per 100 cc. plasma, 





m7 
1. 100 mg. of uric acid per kilo injected in 4 min. 
2. Ist blood immediately after injection................. 72.8 
3. 2nd “ 3 min. after injection... . 30.6 
4.3rd “ ir 7" we Uaeiigs Gece wie Eh eae 25.4 
Ewe 7 * 7 tlle CE try Oe. re 5 12.1 
ee - is ° Fe ese tere mada oe 5 10.8 


TABLE IIT. 
Showing Rate of Uric Acid Destruction in the Dog, As Measured by Disappear- 
m ance from Blood. 
Dog A was injected with 200 mg., Dog B with 100 mg. of uric acid per kile. 





Uric acid per 100 cc. plasma. 
Time after injection of uric acid. caer 











Dog A. | Dog B. 
m7. mq. 
I ia wa ais Secetiiarn Sas thee eats € SK STS 80 
ig aoa pieedtnda is kekecasevason 37.6 
ee See oi. 4 wlbes shintwacesecaad ede een 56 | 
Serre 6a Rs Saws <del oeeee ass pores wasea | 24.6 
| ee ee ene er er shiek ariieiens 39 
ar MR See og ins Shancala das oak wap ee 26.8 
SR Bd ORR RAPE APO ee ree ee 16.4 
oa nc Reh trata kur evegne casdias 7.0 
be Ce eS a, Sb eiela ate 6 calbwatheds 19.8 
PEE etS Ak aleled th dhl ds ewck dives 5.6 
ES WO Ser be uikiataht ina cclands « Qeb ha sankey 1.8 





to follow by blood analysis the initial extremely rapid destruction 
of uric acid; but we can follow the course of the process after 
the mixing within the circulating blood has been completed. At 
one time it seemed as if the rate of uric acid destruction, as indicated 
by its disappearance from the blood, was so regular that the process 
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might be expressed in the form of a simple mathematical formula, 
and we have, therefore, made a considerable number of carefully 
timed series of blood analyses after injecting uric acid. As the 
rate of uric acid disappearance has not quite reached the ex- 
pected regularity we confine ourselves to the presentation of the 
figures recorded in Tables II and III. 

From the figures recorded in these tables it is clear that we 
are here dealing with a process so rapid and at the same time 
so definite that one might fairly expect to be able to work out 

TABLE IV. 
Showing that Muscle of Dog Does Not Absorb and Does Not Destroy Uric 
Acid. 
Found in 100 ce. plasma. 





pe. Uric acid. 
m m7 
1. Femoral veins and arteries exposed. 
2. 100 mg. of uric per kilo injected in 2} min. 
3. 1 min. after injection took blood from left femoral 
vein. ntcata cet eraeesawaercewhs meth. 2 ae 59.6 
3a. 1 min. later took blood from left femoral artery.. 52.8 51.2 
4.8} “ after injection took blood from right fem- 
oral vein........ er ee Cp es, tt ee bee 43.5 21.6 
4a. 45sec. later took blood from right femoral artery. . . 41.4 17.8 
Uric acid 
per 100 gm. 
m). 
5. 3 min. after injection removed left gracilis........ 3.8 


6.18 “ " " ™ WO odavesnns ss | 116.0 





some of the essential factors involved. It ought to be possible, 
at least, to determine where this rapid destruction takes place. 
The experiments recorded in this section are intended to elucidate 
this primary question. 

One of our early experiments bearing on the problem of the 
localization of the uric acid destruction is recorded in Table IV. 
The dog used weighed 20.5 kilos, and received, through the 
vein of the right fore leg, 2,050 mg. of uric acid in about 1 per 
cent solution. Before the injection the dog had been anesthetized, 
and the femoral veins and arteries of both hind legs were exposed. 
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The figures of Table IV obviously lend no support to the 
hypothesis that the uric acid might be speedily absorbed and 
as speedily destroyed by muscles. The gracilis muscle was 
removed 3 minutes after the injection of the uric acid, and at 
that time was being perfused with blood containing from 51 
to 59 mg. of uric acid per 100 cc. of plasma, yet by analysis 
it gave us only 3.8 mg. per 100 gm. of tissue. The analyses 
of each pair of venous and arterial bloods show that the venous 
blood is distinctly richer in uric acid than the arterial blood— 

TABLE V. 


Showing that Muscle of the Dog Does Not Absorb or Destroy Uric Acid; Also 
that the Kidney First Absorbs, and Later Gives Off, Uric Acid. 





Uric acid 
in 100 cc. plasma. 








- | Arterial. 
mj. | mg. 
1. Femoral and renal veins and arteries exposed. | 
2. 100 mg. of uric acid per kilo injected in 23 min. 
3. 75 sec. after injection took blood simultaneously | 
from left femoral vein and artery................ 62.4 66.0 
4. 8 min. after injection took blood simultaneously 
from right femoral vein and artery....... 25.8 26.2 
5. 14 min. after injection took blood cimultancoully 
from left renal vein and artery.................. 20.4 14.4 
Uric acid 
per 100 gm. 
mg. 
6. 5 min. after injection removed left gracilis. ....... 5.2 
c—_—" - ™ | ___etalille A s ek 4.5 
a ee i ° left kidney......... 157.0 











59.6 versus 51.2 mg. in the first pair, and 21.6 versus 17.8 in the 
other. The venous bloods were taken first in this experiment, 
because one is more apt to encounter some delay in drawing 
venous than in the drawing of arterial blood. The higher uric 
acid levels in the venous bloods obviously reflect merely the 
fact that they were drawn first, since the general level of uric 
acid in the blood was constantly and rapidly falling. The 
values obtained showed us that conclusive results can be obtained 
only by taking strictly simultaneously the arterial and venous 
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bloods corresponding to the tissue whose function is to penieB cry 
examined. KS % 

The next experiment which we wish to put on record is ep- 
resented in Table V. In this case we exposed, as before] She's 
femoral veins and arteries of the two hind legs, and, in addiX@p, 
the renal artery and vein of the left kidney. The dog weighef 
12.6 kilos, and received through the vein of the right front leg 
1,260 mg. of uric acid, in the form of a freshly prepared lithium 
urate solution. 

In practically all of our injection experiments we have de- 
termined the non-protein nitrogen as well as the uric acid. The 
non-protein nitrogen figures belonging to Table V are as follows: 
(3) 42 and 42.6 mg., (4) 30.9 and 31.2 mg., and (5) 35.7 and 
31.5 mg. 

The first pair of uric acid figures recorded in Table V would 
seem to indicate that a definite loss, 3.6 mg., had occurred while 
the blood passed through the muscles of the left hind leg. But 
in this case we did not attain strictly identical speed of collection. 
The arterial blood at first rushed into the collection pipette 
much faster than the corresponding collection of venous blood. 
This small difference seemed at the time a sufficient explanation, 
because these bloods were taken only 75 seconds after a fairly rapid 
injection and the destruction was unquestionably proceeding 
excessively fast. 

The figures obtained for the second pair of bloods, 25.8 and 
26.2 mg., on the other hand, show clearly that the continuous 
disappearance of circulating uric acid cannot be ascribed to the 
passage through muscle. 

In the course of our efforts to prove by further experiments 
that the passage of the blood through muscles involves no loss 
of uric acid at a period when we know that there is a very rapid 
loss somewhere, we began to get results which were entirely 
different from those recorded in Table V. The arterial blood 
would sometimes contain up to 10 or 14 mg. more uric acid than 
the venous blood under conditions of perfectly simultaneous 
removal. At other times the figures would again be quite identi- 
cal. The reason for these discordant results was that we had 
underestimated the time required to secure complete mixing of 
the injected uric acid within the circulating blood. It apparently 
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requires about three complete circulations, 3 minutes counting 
from the end of an injection into the vein of a front leg of a dog, 
before all the blood is thoroughly mixed with the urate solution. 
If the bloods are taken much earlier than that the venous sample 
is apt to contain some blood which has lingered in the capillaries 
long enough to escape complete mixing. The first pair of bloods 
recorded in Table V are of this order. 

The following figures from three different dogs may be cited 
to show that the disappearance of uric acid is not due to the 
passage through the muscles (Table VI). 

The results obtained from the kidneys, in Table V, are both 
surprising and illuminating: The destruction of uric acid must 
take place where the uric acid is; and from this point of view 

TABLE VI. 
Showing that Venous and Arterial Blood Are Identical in Uric Acid Content. 





Uric acid per 100 cc. plasma. 
Time from end of injection to taking of bloods. } —— 








No 
| Arterial. | Venous. 
edided heres or eee —— | m). m). 
1 | 5 min. (200 mg. uric acid per kilo). ... 66.8 | 65.6 
2 | See  ’ohe evens OP 28.2 28.4 
Pe fe ee OS ee Pa 41.2 44.4 





there was reason to expect that one important seat of uric 
acid destruction should be the kidneys—though it might also 
be possible that excessive uric acid concentration in this organ 
is only a preliminary step to its excretion with the urine. A 
third interpretation is, however, clearly indicated by the data 
obtained. 

The kidney removed 15 minutes after the injection contained 
157 mg. of uric acid per 100 gm. The arterial blood passing 
into this kidney 1 minute earlier contained 14.4 mg. per 100 ce. 
of plasma, while the venous blood coming away from the organ 
contained 20.4 mg. These: figures prove that the kidney was 
rapidly giving off uric acid to the circulating blood. 

From these clear-cut data it is evident that the kidneys first 
take up uric acid from the circulating blood and a little later give 
it up to the same medium. There is no reason to assume that 
the kidneys also serve as a special seat for uric acid destruction. 
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In saying this we do not imply that there is no destruction within 
the kidney tissue. But the special or exclusive seat of uric acid 
destruction, if there be any in the dog, is not located in the kid- 
neys. There is some evidence, the high non-protein nitrogen 
of the blood which has passed through the kidneys, which might 
be interpreted as signifying an extensive breakdown of uric acid 
within the kidney tissue, but the real significance of this nitrogen 
is still decidedly obscure. (Compare the corresponding figures in 
Table VIII.) 
TABLE VII. 


Showing Temporary Retention and Ne Specialized Destruction of 
Uric Acid by the Kidneys. 





Uric acid 
| per 100 cc. plasma 











| Arterial. | Venous 
m7). mi. 
1. Renal arteries and veins exposed. 
2. 100 mg. of uric acid per kilo injected in 4 min. 
3. 2 min. after injection took blood simultaneously | 
from left renal artery and vein.................. | 20.8 20.2 
4. 4 min. after injection took blood from right renal | 
CT ini oh bipain cde: tcuve caeamines ents acenen 6.3 
4a. 1} min. later took blood from right renal vein... .| | 13.4 
Uric acid 
| | per 100 gm. 
tissue. 
| | 
| mg. 
5. 3 min. after injection removed left kidney......... 75.0 
a= * “ ” " Te. cékos wanes | 45.6 





Further evidence showing that the kidneys serve as a temporary 
receptacle for a part of the injected uric acid is given in Table 
VII. The dog used in this experiment weighed 10 kilos, and 
received 1,000 mg. of uric acid. In order to facilitate ready 
inspection we have omitted the non-protein nitrogen figures 
from the table. In the first pair of arterial and venous bloods 
we obtained 42.3 and 45 mg., respectively, of non-protein nitro- 
gen, while in the second pair, the corresponding figures are 44.4 
and 58.8 mg. of non-protein nitrogen. Here we have an increase 
of over 14 mg. in the non-protein nitrogen of the blood, acquired 
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while passing through the right kidney, less than 3 of which are 
represented by uric acid. But there was more uric acid in the 
first (left) kidney than in the right and there must have been 
more rapid destruction of uric acid within the dog when we col- 
lected the blood from the left kidney, yet there the accumulation 
of non-protein nitrogen by the venous blood was less than 3 mg. 

The uric acid values of the blood and the kidneys seem to us 
particularly significant. The substantial identity of the uric 
acid figures (20.8 and 20.2 mg.) obtained from the blood plasma 
going in and out of the left kidney shows that the kidney at 
this time neither adds nor abstracts uric acid in quantities suf- 
ficiently pronounced to be revealed by the blood analysis. That 
the kidney had previously taken up uric acid is proved by the 
75 mg. per 100 gm. actually found in that kidney. In striking 
contrast to the uric acid equilibrium in the left kidney we see 
that the right kidney, examined 2 to 3} minutes later, is rapidly 
giving off uric acid to the passing blood. The arterial blood 
plasma entering this kidney has only 6.3 mg., while the venous 
plasma coming out has 13.4 mg. of uric acid. The difference 
between these two analyses would probably have been greater 
still if the arterial and venous bloods had been taken simulta- 
neously as was done in the case of the left kidney, for during the 
13 minutes which elapsed between the collection of the arterial 
and the venous bloods the general level of circulating uric acid 
had, of course, been materially reduced. During a period of 
2 minutes immediately preceding (the interval between the 
collection of the two samples of arterial blood) the uric acid had 
fallen from 20.8 to 6.3 mg. Corresponding to the speedy trans- 
fer of uric acid from the right kidney to the passing blood we 
see that this kidney contained only 45.6 mg. of uric acid per 
100 gm. as against the 75 mg. found in the left. 

It seems indeed remarkable, not to say incredible, that such 
strikingly different figures for the uric acid traffic between blood 
and kidneys should be obtained in the same animal and with 
only 2 minutes elapsing between the starting points for each 
set of analyses. But 2 minutes is a long period, in relation to a 
process so rapid as the destruction of uric acid in the dog. It is 
quite possible that the removal of the left kidney has had some 
influence on the processes going on in the remaining right kidney. 
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The influx of allantoin and other decomposition products of 
uric acid, already alluded to, may have promoted to a consider- 
able extent the exit of the uric acid from the remaining kidney, 
although the results recorded in Table V show that the removal 
of one kidney has not been the sole or main cause of the release 
of uric acid by the remaining kidney, since in Experiment 5 both 
kidneys were left undisturbed. 

The customary method of showing whether a given organ is 
responsible for a given result is to remove the organ. While 

TABLE VIII. 


Showing Storage and Subsequent Release of Uric Acid and Non-Protein N by 
the Kidneys. 





Per 100 cc. plasma. 











Non- _ : 
protein N. | Uric acid. 
- 
m). | m). 
. . ° } | 
1. Renal arteries and veins of kidneys exposed. | 
2. Injection of 100 mg. of uric acid per kilo in 6 min. | 
3. 24 min. after injection took blood from left renal | 
| RE ERROR TOS Cote 70.2 | 36.0 
4, 14 min. after injection took blood from right renal | 
a chin uishon view San teed Seen e en erdan ete | 72.6 | 12.2 
4a. 30sec. later took blood from right renal vein....... 100.2 | 27.8 
| Urie acid 
per 100 gm. 
| ———— —-> 
| m). 
5. 6 min. after injection removed left kidney........ | 160.0 


ja * = si “ ee aaSenaee 94.0 





we entertained no doubt about the fact that the kidneys of the 
dog have little or nothing to do with the observed destruction 
of injected uric acid, it was thought best to make one or two 
experiments bearing on this point. The results of the first 
experiment are recorded in Table IX. 

This experiment was made before we had become thoroughly 
familiar with the fact that most of the administered uric acid is 
destroyed almost as fast as it is injected. In Table IX the 
first blood was taken 7 minutes after a 5 minute injection. The 
finding of only 26.2 mg. of uric acid in the plasma of this blood, 
in conjunction with the demonstrated lack of general distribu- 
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tion to tissues, shows that by far the greater part of the given 
uric acid had already vanished. The subsequent samples of 
blood give figures which show clearly enough the continuous but 
steadily diminishing rate of uric acid destruction, until about 
2 hours after the injection, when the blood plasma has only 1 
mg.—that is a trifle more than might be found in any dog’s blood. 
The appended tissue analyses complete the picture. 2 hours 
after the injection of 100 mg. of uric acid per kilo of body weight, 
there was no uric acid left in this nephrectomized dog. 


TABLE IX. 
Showing that the Kidney Is Not the Seat of Uric Acid Destruction. 





Per 100 cc. plasma. 














Ne /7. 
| protein N. | Uric acid. 
mg. | m9. 
1. Both kidneys removed. 
2. Injected 100 mg. of uric acid per kilo in 5 min. 
3. 7 min. after injection took blood ............... 30.6 26.2 
‘£2 " - ” ” DR OS RP en 30.6 | 11.2 
a 2 “ “s ’ os " rere me uk we 
a7 * ” “ ° . Puboa eee baa 30.6 | 2.4 
7. 2 hrs. * * “ aT Tor eT Teo ere oo ae 
Urie acid 
| per 100 gm. 
m7. 
* Fh. = . removed: 
RS Feo oi eau nas ka and i valee’ 1.4 
a ae re oe re aa 1.4 
Of err Fans Set ERE a TN 1.4 
Sey SU OE DO UINII 5 whan ook ind Sealand Seamless 4.1(?) 








In a second experiment, made 2 days after the one recorded 
in Table IX, we again injected 100 mg. of uric acid per kilo of 
body weight, after having excised the kidneys. This injection 
lasted 6 minutes, and the first blood was taken 4 minutes later. 
This contained 36 mg. of uric acid per 100 ce. of whole blood, 
or about 55 mg. per 100 cc. of plasma. 5 minutes later a second 
sample gave 13 mg., corresponding to about 20 mg. per 100 cc. 
of plasma. Immediately after the taking of the second blood, 
the animal was killed and certain tissues removed and analyzed 
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for uric acid. The following figures were obtained: muscle 3.4 
mg., intestine 3.5 mg., pancreas 10.4 mg., and liver 4.2 mg. 
These analyses supplement in a measure the results shown in 
Table IX, and leave no room for doubt about the speedy 
destruction of uric acid, without any demonstrable distribution 
to tissues, in dogs without kidneys. 

The experiments recorded in the preceding tables show that 
the rapid destruction of uric acid in the dog cannot be ascribed 
to such general and bulky tissues as the muscles, or to the kidneys. 
Our distribution figures have also failed to furnish any support 
for the hypothesis that the chief seat of uric acid destruction may 
be localized in the liver. When it comes to the liver it is impera- 
tive, however, to consider again most carefully whether the 
apparent lack of absorption from the blood has not been masked 
by the special, localized destruction of uric acid, since all per- 
tinent investigations point unmistakably to the liver as the 
chief seat of the uric acid-destroying process. We would recall 
in this connection not only the numerous uricase studies re- 
ferred to in our review of the literature, but particularly Mann’s 
liver extirpation experiments, which show that the removal of 
this organ promptly leads to a rapid accumulation of uric acid 
in the blood of dogs. 

The Eck fistula operation on the dog used in Experiment 10 
was made for us by a surgeon, Dr. E. C. Cutler. The success 
of the operation was verified by autopsy. The dog recovered 
well from the operation and was in good condition at the time 
of our experiment. The animal weighed 12 kilos, and received 
1,200 mg. of uric acid. This dog, like all others permitted to 
survive the uric acid injection, became quite sick, but recovered 
seemingly completely in a few days. On the Ist day after the 
injection the dog was still very dull and apathetic and took very 
little food. The urine obtained by catheterization on the 2nd 
day contained albumin (trace), many blood cells, and some 
epithelial and large granular casts. 

The uric acid figures recorded in Table X show that the greatly 
diminished circulation through the liver produced by the Eck 
fistula was without demonstrable effect on the uric acid destruction. 
Within 4 minutes after a fairly rapid injection of 100 mg. of 
uric acid per kilo of body weight, the greater part had been de- 
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stroyed, since the circulating plasma contained only 34.4 mg. 
per 100 ce. This observation certainly does not indicate that 
the liver is the seat of uric acid destruction. The uric acid value 
obtained 2 hours after the injection, 2.9 mg., is a trifle larger 
than the corresponding value obtained after removal of the 
kidneys (Table IX), but the difference is quite insignificant. In 
passing we would call attention to the high non-protein nitrogen 
found in the plasma of this Eck fistula dog, 26 hours after the 
uric acid injection. Such nitrogen accumulations are always 
obtained in dogs allowed to survive the uric acid injections. 


TABLE X. 
Showing Destruction of Uric Acid in an Eck Fistula Dog. 





Per 100 cc. plasma. 





=. my | Urie acid. 
mg. | m). 
1. Dog catheterized. Urine (normal) contained 73 | 
mg. of uric acid per 100 ce. 
2. 100 mg. of uric acid per kilo injected in 3 min. 
3. Venous blood taken 4 min. after injection........ 15.6 34.4 
4 - ” ~ 3s “ Pe te eens | 23.7 | 16.4 
5. $ m = ihe * - ; C.e | 8.5 
6. “ ° * Sin: * re 28.2 2.9 
7 ig ” “ i ag ya ee | %.2 None. 


urine (13 ec.) contained 23 mg. uric acid. 





We interpret the data obtained from this Eck fistula dog as 
indicating that the liver is not the seat of the uric acid destruction. 
This interpretation is based entirely on the observed speed of 
uric acid disappearance from the blood. The surplus power of 
a given organ to accomplish a given result as, for example, the 
prevention of experimental diabetes by a small fraction of the 
pancreas, or the adequate excretion by only half a kidney, has 
no definite application in this case, because we are comparing 
maximum accomplishments, and one essential factor in a localized 
destruction of circulating uric acid must necessarily be the fre- 
quency with which all the uric acid is made to pass through that 
particular locality, in this case the liver. The Eck fistula liver 
has had less than 10 per cent as much opportunity to abstract 
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and destroy the circulating uric acid as have the livers of normal 
dogs, yet the speed of destruction is substantially the same. 

It is conceivable, though highly improbable, that the uric aci 
is normally destroyed in the liver, but that through some obsew 
vicarious action the uric acid destruction is transferred to oth 
tissues when the liver is unable to do the work, as in our Ec 
fistula dogs. We, therefore, made a couple of experiments to 
determine what happens to the uric acid when made to pass 
directly through the portal circulation. Our first attempt was 
not very successful because, when the needle connecting with 
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TABLE XI. 
Showing that Preliminary Passage of Uric Acid through the Liver Does Not 
Alter the Distribution or the Rate of Destruction. 


Uric acid per 
106 ce. plasma. 








m7). 
1. Right kidney mobilized. 
2. 100 mg. of uric acid per kilo injected through mesenteric 
vein in 5 min. 
3. 4 min. after injection took blood from heart............. 29.6 
-..™ “s - ” = ” AE Ce eee 8.0 
Uric acid 


per 100 gm. 


my. 


7 te ” ” removed right kidney.......... = 66.5 
6. 63 “ 4 - ™ left i Oo 38.0 
ie Tes ” «6 ° section of liver.......... 1.4 





the uric acid reservoir was inserted in the large portal vein, some 
of the solution (and blood) leaked out around the needle. The 
injection was slow, lasting 11 minutes. 3 minutes after the in- 
jection, one lobe of the liver was removed and was found to con- 
tain only 3.6 mg. of uric acid, while the left kidney removed 3 
minutes later contained 72 mg. 

In the next experiment the uric acid solution was introduced 
through a branch of the superior mesenteric vein and no difficulty 
as to leakage was encountered. The results obtained are shown 
in Table XI. The dog weighed 12.6 kilos, and received 1,260 mg. 
of uric acid. This dog happened to have chronic nephritis. 
The probable existence of nephritis was inferred from the gross 
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appearance of the kidneys, and was confirmed by microscopic 
examination of some mounted sections (by B-d). Because of 
the large amount of connective tissue replacing normal kidney 
cells, the abstraction of uric acid from the blood by these kidneys 
could be and undoubtedly was materially diminished. Since the 
kidney is not the seat of uric acid destruction the lessened absorp- 
tion by that organ does not alter the significance of the results 
obtained. 

The figures recorded in Table XI clearly do not support the 
assumption that the liver is the seat of uric acid destruction. 
4 minutes after the injection we find 29.6 mg. in the plasma, 
while in the Eck fistula dog (Table X), the 4 minute plasma con- 
tained 34.4 mg., and in Table II the 4 minute plasma contained 
25.4 mg. If there had been any difference, that fact should have 
been revealed by these first samples of blood, because the liver 
in Experiment 11 must have had at least twenty times as much 
uric acid at its disposal as the liver of the Eck fistula dog. We, 
therefore, definitely conclude that the liver is not the special 
seat of uric acid destruction in the dog. 

One other experiment showing that the liver is not the seat of 
the metabolic destruction of uric acid in the dog may be cited 
here. The main purpose of this experiment was to determine 
whether uric acid is absorbed from the intestinal tract. 315 mg. 
of uric acid were dissolved by the help of 150 mg. of lithium 
carbonate in about 50 cc. of warm water and injected into an 
isolated loop of the jejunum about 30 cm. long. This dog weighed 
10.2 kilos, so that we were here dealing with a very small amount 
of uric acid in comparison with the quantities used in the direct 
injection experiments, and, in addition, the uric acid was passing 
through the liver at a comparatively very slow rate. 289 mg. 
of uric acid, or 28 mg. per kilo of body weight, were absorbed in 
51 minutes. In an experiment of this sort it is out of the question 
to expect the accumulation of much uric acid in the blood. When 
100 mg. per kilo are injected, at least 70 per cent is destroyed 
within the first 10 minutes, but toward the end, when only 1 or 
2 mg. of circulating uric acid per 100 cc. of plasma are left, the 
destructive process becomes distinctly slow. Whether we should 
or should not find any uric acid in the general circulation in 
response to the relatively slow absorption from an intestinal 








— a. ef ea’ apse aol. 2k aot ae 















QO. Folin, H. Berglund, and C. Derick 391 


loop was, therefore, necessarily uncertain. The uric acid con- 
tents of the peripheral blood plasma rose from a very slight trace 
(probably less than 0.3 mg.) to 1.1 mg. Small as this increase is, 
it is unmistakable, and proves that the uric acid-destroying power 
of the liver is very limited indeed. It is, therefore, quite impos- 
sible to localize in the liver, a uric acid destruction which in 
speed approaches that of a chemical titration and which occurs 
during a rapid injection of uric acid into the blood stream. 
TABLE XIl. 


Showing that Uric Acid Is Absorbed from the Intestine and Passes through 
the Liver of Dogs. 





Uric acid per 100 cc. plasma, 





m7. 


1. 315 mg. of uric acid injected into isolated in- 

testinal loop. 
2. Peripheral blood taken just before uric acid | 

RG alot tess ind ts hin cpantkalcuedauaeys Trace. 
3. Blood from mesenteric vein taken 20 min. af- | 


eS io ore eee ed 2.3 
4. Peripheral blood taken 26 min. after injec- 
eg eel ete cia hgh AOD i ped peep Saoeaees aeeies ba 0.7 
5. Blood from mesenteric vein taken 28 min. | 
IS ri! i, tee eS ea did ce eed bias 1.9 
6. Blood from mesenteric vein taken 43 min. | 
IE So 62k sack dd noes ouniawurnan 2.1 
7. Blood from heart taken 48 min. after injection ..2 
8. Uric acid left in intestinal loop after 51 min., | 
DET oUt 5 ob cre adel wattuainn <eudes xe | Absorbed 92 per cent. 





Having proved, at least to our own satisfaction, that uric acid 
is not destroyed in the muscles, or, to a demonstrable extent, in 
the kidneys, or in the liver of the dog, we are practically forced 
to conclude that the seat of uric acid destruction, in this animal 
at least, is in fact the circulating blood. The destruction of the 
uric acid shown by analysis of blood samples taken at different 
intervals proceeds with such great velocity that if the destructive 
process were localized in some particular organ it would have to 
represent such an extensive reduction of the uric acid content of 
the passing blood that it is impossible for us to believe that we 
might not have found it. 
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We recognize that in ascribing the locus of the uric acid de- 
struction to the circulating blood we lose the support of the 
reasonableness and probability inherent in the well established 
view that the chemical transformations occurring in animal 
organisms are produced within the living cells—a view which, 
since Virchow’s time, has grown stronger and stronger with 
each succeeding decade. There are, however, well established 
exceptions as, for example, in the field of digestion. It is also 
to be noted that during the past 20 years or more the concept of 
specific endocellular, as well as exocellular, enzymes has been 
steadily gaining ground, and this expanding enzyme concept 
has necessarily encroached on the concept of direct protoplasmic 
activity as the cause of chemical transformations. All recent 
investigations on the destruction of uric acid by the different 
tissues of the body represent studies. of the distribution of ‘“‘urico- 
lytic enzymes.” While the authors accept the endocellular 
character of these enzymes, they also obtain more or less active 
“tissue extracts.’’ Thespeed of uric acid destruction which has been 
obtained by means of uricolytic enzyme preparations can scarcely 
be compared with the extraordinary rate of uric acid destruction 
which takes place during and immediately following the injection 
of uric acid into the blood of a living dog. 

It is not now necessary to express an opinion as to whether 
the uric acid destruction in the blood can be interpreted as a 
consequence of a corresponding influx of the uricolytic enzymes 
found by Wiechowski, Jones, and others, including Schittenhelm. 
There is not necessarily any inconsistency between their findings 
and ours, since their uricolytic enzymes might represent rem- 
nants of some “internal secretion” abundantly available in the 
living animal. On the other hand, the uric acid destruction in 
the blood need not be produced by an agency so specific in charac- 
ter as the uricolytic enzymes are supposed to be. Uric acid in 
solution is a comparatively unstable substance and is particularly 
easily oxidized. Just as no one has considered it necessary to 
ascribe the rapid disappearance of adrenalin from blood to the 
presence of some highly specific enzyme, so the disappearance of 
uric acid may be due in large part to oxidative decompositions 
of a more general and less closely regulated character. 
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The transformation of a large part of the uric acid into allan- 
toin in the course of such oxidations would follow as a matter of 
course from the neutral or faintly alkaline reaction of blood, but 
at present it is scarcely justifiable to assume that allantoin is 
the only product formed. One reason why it is difficult or im- 
possible to ascribe the uric acid destruction in the circulating 
blood to highly specific uricolytic enzymes is the fact that the 
destruction process stops as soon as the blood is withdrawn from 
the circulation within the living animal. There is perhaps little 
reason to assume that ordinary dog blood should contain ap- 
preciable quantities of the hypothetical uricolytic enzymes since 


TABLE XIIt. 
Showing that There Is No Destruction of Uric Acid in Blood after Removal 
from the Circulation. 





Uric acid per 100 cc. 





Whole blood. Plasma, 





mg. mg. 
1, 100 mg. of uric acid per kilo injected in 2 min. 
2. Dog bled immediately (carotid artery), time 


6 min. 
ee, GENE WOON. 0b ocscccccccceesccens 22.2 35.2 
4.l}hrs. “ ag Oa ee I a De oa. 22.0 35.6 
5. 23 “ - i he Sates epaoebowesontvet 22.8 35.2 
6. 33 “ ” 7). -Meanaceeeancteneaeentl 22.4 35.0 
no * 5 E; . wihachsiuenaeewmmenea 22.4 35.6 











ordinarily there is very little circulating uric acid to be destroyed. 
But if blood is drawn immediately after an intravenous injection 
of uric acid and an extremely active process of uric acid destruc- 
tion has been started, then the uricolytic enzymes ought to be 
revealed—if they are ever there. 

The figures recorded in Table XIII show that the destruction 
of uric acid in the circulating blood must be due to some agency 
or condition which is lost when the blood is removed from the 
living animal. The destructive agency which thus loses its 
activity the instant the blood is removed from the animal cannot 
be an enzyme. The figures of Table XIII do not show whether 
some uric acid destruction might not have occurred during the 
first 2 or 3 minutes after taking the blood, as might be the case if 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL, LX, NO. 2 











394 The Uric Acid Problem 


the active agency were some labile oxidizing agent which is 
itself used up in the process. We, therefore, repeated the ex- 
periment with another animal. In this case, blood was taken 
from the carotid 1 minute after a rapid uric acid injection. This 
blood was worked up as whole blood, first within a few seconds 
and then at the end of 1 hour. The values obtained were exactly 
the same. The uric acid destruction certainly stops the moment 
the blood is removed from the animal. 

Our conclusion that the uric acid is destroyed within the cir- 
culating blood does not exclude that some essential factor may 
be contributed by one or another tissue, or by all the tissues. 
Some agency for activating oxygen within the blood is clearly 
necessary, and this agency is presumably identical with the 
“uricolytic enzyme,” “uricase”’ of earlier investigators. The 
essential point is that we ascribe the destruction of uric acid to 
the locality where the uric acid is—the blood, and perhaps also 
the kidneys—rather than to the locality which produces the 
unknown oxygen activator. The latter may be only some re- 
ducing substance which is used up practically as fast as it is 
poured into the blood. It may be pertinent to remark here that 
we are quite prepared to admit that the liver may be the source, 
or the chief source of the unknown oxidizing agent—but in this 
investigation we have been chiefly attempting to determine 
where the destruction occurs. 

The abrupt and complete stoppage of the uric acid-destroying 
process has, of course, led us to question seriously the validity of 
our conclusion that the uric acid is destroyed within the cir- 
culating blood. But the only other possible alternative is that 
it is destroyed everywhere within the tissues. The hind leg of 
an animal represents, however, much tissue material, and we 
cannot reconcile the observed speed of destruction with our 
inability to prove that the passage through the tissues of the 
hind leg results in any loss, especially since there has been no 
demonstrable diffusion of uric acid into the muscular tissues. It 
is unfortunate that no precise data are available as to the time 
required for the blood to pass through a section like the hind leg, 
but a considerable fraction of the total circulation time, 1 to 
1} minutes, must be represented by the passage through such 
an area as the muscles in question. 10 to 15 seconds should be 








an 
tir 
ha 
sil 
ur 
ra) 


> SF > 9 po 


x 
8. 
9. 


ox. 
th 








Yiwu 


O. Folin, H. Berglund, and C. Derick 395 


ample to prove the occurrence of the uric acid destruction. The 
time required for the passage of the blood through the kidneys 
has been given as 17 seconds, and we have seen how ample a 
single passage of the blood has been to show the removal of the 
uric acid from that organ. That removal is scarcely any more 
rapid than is the destruction, 2 to 3 minutes after a rapid 
injection. 

Before leaving the subject of the behavior of uric acid in dogs, 
we would present a few additional rather instructive experiments. 


TABLE XIV. 
Showing that Uric Acid Accumulated in the Kidney Need Not Be Eliminated 
with the Urine. 








Uric acid. 
I aicieshcatikergssaperesterienaoiioaepttonanctins iii oe 
1. Left kidney mobilized. Right ureter severed at brim of 
pelvis and cannula inserted. 
2. 100 mg. of uric acid per kilo injected in 6 min. 
3. Uric acid per 100 cc. plasma after 6 min.................. 23.0 
ie ee wi iis ARE 1.9 
e'* “in Ist urine (5 cc.) passed in 19 min.......... 12.7 
> 7 = oe > a wae tf Sere eC 
Uric acid 
per 100 gm. 
m). 
7. Left kidney removed 10 min after injection.............. | 128 
8. Right “ . Sie. “ ow thedeebes di ckne 3.8 


9. Albumin present in the 2nd, but not in the Ist, urine. | 





We cannot doubt that the destruction of uric acid is due to 
oxidation. Since the removal of the pancreas profoundly alters 
the oxidation processes with reference to carbohydrates it seemed 
worth while to determine whether the removal of this organ has 
any demonstrable effect on the destruction of uric acid. Into 
a dog whose pancreas had been removed about 5 hours before 
and whose blood sugar had risen to 300 mg. we injected the 
usual 100 mg. of uric acid per kilo. The first blood taken 5 
minutes after the injection contained 40.8 mg. 10 minutes 
later the figure was 23 mg. In another 15 minutes it had fallen 
to 8.20; and 2 hours after the injection the uric acid had fallen 
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to the usual low normal level of dog plasma. The pancreas, 
therefore, has nothing to do with the oxidation of uric acid. 

We have said very little about the elimination of a part of 
the injected uric acid with the urine, but have left the reader to 
infer that the elimination is so small as to be of no significance. 
We have made many observations bearing on the uric acid elimina- 
tion, but Table XIV must suffice. From this experiment it may be 
seen that the left kidney had 128 mg. of uric acid per 100 gm. 
of tissue. There is no reason to assume that the other kidney 
had less, yet the urine collected through a cannula from this other 
kidney gave us a total of 12.7 mg. of uric acid. This uric acid 
was excreted some time during the first 19 minutes of collection. 
Thereafter no uric acid could be found. The uric acid excretion 
in response to the injection of 100 mg. of uric acid per kilo of body 
weight is therefore limited to the few milligrams that may come 
out during the first few minutes. 

That the kidney tissue and the kidney function are put. under 
very heavy strain by intravenous uric acid injections is clear 
enough even without microscopic or chemical examinations. 
Immediately after the injection, the kidneys swell up to nearly 
twice their normal size. They become round and hard and the 
surface becomes very shiny—all indicating extreme edema. 
None of the other organs or tissues have shown any similar 
change. The swollen condition of the kidneys is greatest a few 
minutes after the injection, and since this swelling subsides 
fairly rapidly it is probable that this visible effect on the kidneys 
is due to the uric acid itself, rather than to any decomposition 
product of uric acid. Transient as are the visible effects of the 
uric acid on the kidneys, these might well be sufficient to produce 
considerable and less transient effects on the function, and it 
must be obvious from our results that intravenous administra- 
tions of a substance which rushes exclusively, or at least pre- 
dominantly, to one small vital organ such as the kidney, are not 
without danger, even though the substance be a normal waste 
product. 

In Table XV are presented some figures which tend to prove 
that the kidney function is temporarily impaired by the injec- 
tion of uric acid. The dog of this experiment weighed 12 kilos, 
and received only 720 mg. of uric acid, 60 mg. per kilo of body 
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weight. 3 hours after the injection the uric acid of the plasr 
had fallen to the ordinary trace of dog plasma, and we hae 
every reason to believe that all of the administered uric acid 
disappeared. In those 3 hours the non-protein nitrogen h 
risen from 46.2 to 79.8 mg. and the urea nitrogen from 28.8 t 
50.8 mg. Any visible rise in the waste products of the blood 
which can fairly be ascribed to inadequate kidney function signi- 
fies a very pronounced disturbance of that function, since the 
large margin of safety or of surplus capacity of the organ must 
also be wiped out, at least in large part, before the kidney begins 














TABLE XV. 
Showing Impaired Kidney Function with Recovery after Injection of Uric 
Acid. 
Per 100 cc. plasma. 
we. Urea N. | Uric acid. 
mg. mj. mg. 
1. Injected 60 mg. of uric acid per kilo in 3 
min. 
2. Blood before injection.................. 46.2 28.8 0.6 
. ™ 5 min. after injection........... 58.8 27.9 11.7 
4 - = ° ag) ee ee 60.6 27.6 8.2 
—- 2. = ha rere 57.0 31.8 6.5 
_—o = Ue ” ©)  ¢ Gareeueadmen 58.8 33.0 4.2 
7 - * eee 60.6 33.9 3.0 
_ * 3hrs. “ sas jasuataseee 79.8 50.8 Trace. 
a.» -. 2 * so S iG aedese 78.0 59.9 ™ 
—_ 2days “ sr re re 51.6 
— = . = . - Saakeeaelen 30.6 














to become demonstrably incapacitated. The subsequent figures 
in Table XV indicate that it took this dog at least 2 days to 
recover an adequate kidney function. 

From the fact that the intravenous injection of 60 to 100 mg. 
of uric acid per kilo of body weight produces demonstrable, 
though temporary, injury to the kidneys of dogs, one might 
draw some rather startling, yet fairly plausible inferences as to 
what might be the effect of similar or much smaller doses, if the 
dog did not possess the ability to destroy the uric acid. From 
such conjectures, one might, however, also be led into gross 
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exaggerations. The next two experiments, Tables XVI and 
XVII, were made on a pure bred Dalmatian dog. 

Smoky, the subject of the experiment recorded in Table XVI, 
was a fine Dalmatian dog, loaned us by Sergeant Lindsey Hale. 
The animal weighed 25 kilos, and was given 2.5 gm. of uric acid, 
the same quantity as we had given to most of our dogs. He 
became very sick after the uric acid administration. He vomited 
repeatedly and for several days refused all food. 


TABLE XVI. 
Showing Slow Destruction of Uric Acid in Dalmatian Dog—Also Temporary 
Kidney Injury. 





Per 100 cc. plasma. 


Non- 











protein N. | Uric acid. 
mj. | m). 
1. Injected 100 mg. of uric acid per kilo in 8 min. 
2. Blood taken 10 min. before injection. ............ 19.5 | Trace. 
3. - “ 3 “ after . pire es wha ee 24.0 | 15.6 
eS * * " mT ey eae 21.6 8.3 
mao |S ee * ‘4 sg o shag os olen 21.3 | 5.3 
ee =. 2. * * pie ta aie 27.0 4.3 
a. ~ F S * - See ens 2 29.4 3.7 
ie Br Ba " - Res ee Te 41.2 1.8 
9. = 7 4days “ s ee ee 45.9 1.1 
10. - a _ - Pee SS Re Gee 32.7 | Trace 
11. Urine of Ist day; albumin, casts, blood cells. 
12. “« “2nd “ no albumin, many casts, no 


blood cells. 
13. Urine of 3rd day; no albumin, very few casts. 





The uric acid figures obtained from this dog are instructive. 
The blood of this kind of dog is not materially different from that 
of other dogs in that it contains under ordinary conditions only 
traces of uric acid. While there undoubtedly was much destruc- 
tion of uric acid during and immediately after the injection, later 
the destructive process was entirely different from that of other 
dogs. In the latter, the uric acid substantially disappears in 
about 2 hours. In Smoky, there were (per 100 cc. of plasma) 
4.3 mg. at the end of 34 hours, 3.7 mg. at the end of 6 hours, 
and 1.8 mg., 22 hours after the injection. 
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The destruction of uric acid by Dalmatian dogs is, therefore, 
certainly of a different order from that found in ordinary dogs. 

From the non-protein nitrogen figures for the blood plasma as 
well as from the albumin and casts in the urine, it is clear enough 
that we had obtained some form of distinct kidney injury. The 
non-protein nitrogen was 19.5 mg. before the injection, 41.2 mg., 
22 hours later, and at the end of 4 days was 45.9 mg. The figure 
32.7 mg., found at the end of 8 days, indicates recovery. 

3 months later we again used Smoky for an injection experi- 
ment, but as we this time wished to determine the uric acid 


TABLE XVII. 
Showing 80 Per Cent Recovery of Injected Uric Acid fram Dalmatian Dog. 





1. Daily uric acid excretion: 520, 540, 554, 510, 525, 560 


is 0 os eu detain ihe al ad eek askin Mites Meer an es Average 535 mg. 
2. Daily creatinine excretion:] Maximum 650 mg., 

I See ee Oe ed PAR - 616 “ 
3. Total N excretion last 2 days, 7.8, 7.9 gm......... * 7.85 “ 
4, Uric acid excretion per (forenoon) hr. before injection..........30 mg. 
5. Injected 500 mg. uric acid in 4 min. 
6. Uric acid excretion first 3} hrs........ 330 mg.—46 per cent recovered. 
ag “ Yee 338 “ —29 “ “ ee 
= “s - in 24 4a ee - 
ah alli 2nd day.........559 “ 3rd day 525 mg. 
> * “per 100 cc. plasma before injection................ 0.8 mg. 
as Yn Ks 4 min. after injection...........6.0 “ 
OR = * 7 2a. “ “: errr °F 
eg ee .” we chenkae eel 0.8 “ 
_ = -— ” os ” oo cane ee 0.6 “ 





excretion we gave him a much smaller dose so as not to make 
him sick and particularly so as to avoid the complication of 
“nephritic’”’ retentions of uric acid. During the intervening 
3 months, as well as during the experiment, the dog was kept on 
a purine-free diet (milk and bread). 

Some data obtained in this experiment are omitted from the 
table in order to facilitate inspection. 


The non-protein nitrogen figures for the five blood plasmas were: 31.2, 
34.5, 31.2, 32.7, and 27.9 mg., respectively. The volumes of urine per 
hour were 27, 218, and 135 cc., respectively; and these gave uric acid ex- 
cretions per hour of 30, 99, and 52 mg. The night urine, 52 cc. per hour, 
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contained uric acid equivalent to only 21 mg. per hour, as against the 
30 mg. per hour before the injection. The total volume of urine on the 
uric acid day was 2,275 cc. as against 845 and 705 cc. on the 2nd and 3rd 
days. 


It will be noted that the uric acid recovered with the urine is 
given as 46 per cent for the first 3} hours after the injection, and 
29 per cent for the urine of the following 53 hours, making a total 
recovery of 75 per cent, while the 24 hour recovery is given as 80 
per cent. These figures imply that some extra uric acid was 
recovered with the night urine, yet the night urine contained 
only 21 mg. per hour. This discrepancy is due to the fact that 
the hourly excretion of uric acid is not uniform. The 80 per 
cent recovery of injected uric acid was in fact obtained during 
the first 9 hours. This excessively rapid elimination of injected 
uric acid harmonizes with the fact that this dog carried normally 
little, if any, more uric acid in the plasma than other dogs, yet 
excreted three to four times as much endogenous uric acid per 
kilo of body weight as does man. For further comments on this 
topic see pages 407 and 443. 

8. R. Benedict, who discovered the unique character of the uric 
acid metabolism in Dalmatian dogs, found that they also elimi- 
nate much allantoin. Benedict (Harvey lecture, 1916) expresses 
doubt as to whether allantoin originates only as a decomposition 
product of uric acid. In Smoky, there was undoubtedly de- 
struction of uric acid, yet we agree with Benedict that the origin 
of allantoin should not be regarded as settled. In the Dalmatian 
dog, the origin of uric acid also might properly be considered an 
open question. From the standpoint of tissue metabolism, the 
finding of several times as much “endogenous” purine derivatives 
as in man, in animals whose creatinine excretion is of the same 
order as that of man, points to some important missing link in 
the current, accepted concepts. Either the magnitude of purine 
metabolism in man is hidden by very extensive destructions of 
purine materials, or the purine derivatives, including allantoin, 
found in the urine of other mammals have a double origin, as in 
birds, 
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IV. 


Is the rate of uric acid destruction in other animals of sub- 
stantially the same order as the rate found in dogs? Are the 
specialized uric acid-absorbing powers of the kidney tissue and 
the impermeability of the other tissues a general characteristic 
of all animals? It seems necessary to make some experiments 
bearing on these questions. 

The uric acid phase of protein metabolism must have under- 
gone some remarkable evolutionary changes during the transi- 
tion from the synthesis of uric acid still found in reptiles and 
birds, to the varying degrees of uric acid destruction found in 
different mammals. The power to destroy uric acid can be con- 
ceived as a process of comparatively recent origin, since it is 
always incomplete and since recessions such as in the Dalmatian 
hound can be found.® The impermeability of the general tissues 
for uric acid and the special uric acid-absorbing power of the 
kidney tissue, on the contrary, should be very old. This unique 
arrangement would clearly serve to promote the excretion of the 
synthesized uric acid, and therefore probably developed in re- 
sponse to the need for the removal of the large quantities of waste 
nitrogen represented by uric acid. The power to destroy the 
inescapable endogenous uric acid would naturally develop at a 
later stage and on the basis of conditions created during the 
period of uric acid synthesis—namely the general impermeability 
of the tissues and the special absorbing power of the kidneys— 
and therefore might be localized either in the kidneys or where 
we seem to find it, in the blood. The very incompleteness of the 
destruction indicates that it does not occur where the uric acid 
is produced—within the cells of all tissues. The high speed 
of uric acid destruction which we have found in the dog could 
scarcely fail to destroy every trace of endogenous uric acid, if 
the destroying agency were available where the uric acid _is 
formed. Yet many dogs do excrete uric acid. 

The natural normal distribution of uric acid in birds is of more 
than ordinary interest in connection with this discussion. 

In our experiments with ducks we have determined the uric 
acid in whole blood instead of in the plasma. In these animals, 


% Onslow, H., Biochem. J., 1923, xvii, 334, 564. 
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the uric acid is usually higher in whole blood than in the 
plasma. The blood of ducks contains 6 to 8 mg. of uric 
acid per 100 ce., or 75 to 100 per cent more than normal human 
blood. With such high constant levels of circulating uric 
acid there is every opportunity for it to diffuse into the general 
tissues, if such diffusion could normally occur. Our accom- 
panying figures for duck muscles (Table XVIII) show that these 
contain from less than 1 to 2.5 mg. of uric acid. These figures 
are substantially identical with the corresponding values obtained 
from the muscles of normal dogs, whose blood is nearly free 
from uric acid. In birds we have, therefore, readily accessible 
material on the basis of which any one can easily satisfy himself 
TABLE XVIII. 
Indicating: Synthesis of Uric Acid in the Liver of Birds, No Diffusion of 
Uric Acid into Muscle, and Great Accumulation of Uric Acid in the 
Kidneys. 








Uric acid per 100 cc. (or 100 gm.). 





Duck No. Whole blood. 





Muscle. Kidney. Liver. 
my). | m). | m9. mj. 
1 i a. 100 22.2 
6 | 6.6 2 60 22. 
7 6.8 25 | 57 18.4 
8 6.2 a. 63.5 | 26.2 








that uric acid is not subject to free distribution between blood 
and tissues. The uric acid in the muscles, according to our inter- 
pretation, is only the uric acid actually produced there and bears 
no relation to the uric acid content of the circulating blood. The 
uric acid produced in muscles must, of course, get out, but it 
gets out not by diffusion, but by excretion—down hill excretion 
into the blood in the case of most mammals, but up hill excretion 
in the case of birds, and probably also in the case of man. 
The uric acid values for our duck kidneys, 57 to 100 mg. per 
100 gm., are nearly as large as the average accumulations found 
in the kidneys of dogs immediately after uric acid injections of 
100 mg. per kilo. In the ducks there has been no sudden influx 
of uric acid or excessive concentration in blood. The uric acid 
accumulations in the kidneys prove conclusively that these 
accumulations are due to a specialized active power on the part 
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but it may be stated here that we have obtained even er 
accumulations in the kidneys.of dogs (160 mg.) by mean of! 
continuous injections, at rates so slow that the uric acid c n- 


tration in the blood never rose above 14 mg. per 100 cc. of plaXfia. 
The seemingly useless power to abstract uric acid discovered infant 
the kidneys of dogs is revealed in ducks as a normal, active, 
useful function. The significance of the same uric acid-absorb- 
ing power in the kidneys of dogs is, therefore, clear enough. It 
is a dormant power which has not deteriorated because of long 
disuse and therefore is probably a fundamental, characteristic 
property of kidney tissue. 

The high uric acid figures obtained for the uric acid in the duck 
livers, 18.4 to 26.2 mg., are also distinctly illuminating. These 
values are several times as high as the corresponding figures 
obtained from the livers of dogs, just as they should be, in the 
light of the fact, established by Minkowski, that the uric acid 
synthesis in birds occurs mainly or exclusively in the liver. The 
figures support our conclusion that the uric acid found by analysis 
of any fresh tissue (except the kidney) is chiefly determined by 
the speed of uric acid production in that tissue and is practically 
independent of the concentration in the blood. 

The experiments so far recorded certainly show that it is quite 
impossible to apply to uric acid the concept of free and prompt: 
distribution within the animal body, and this absence of distri- 
bution cannot very well be explained except on the basis of im- 
permeability on the part of living tissues. The resistance of 
living tissue to uric acid can be overcome to a certain extent by 
means of high and sustained uric acid pressure. We have found 
some evidence showing a limited breakdown of the resistance to 
uric acid in dogs by means of continuous uric acid injections— 
with the help of the Woodyatt pump. And we have again en- 
countered this phenomenon in our experiments with ducks. In 
a uric acid-producing animal like the duck there is no reason to 
expect any destruction of uric acid and we have not made any 
injection experiments. It did seem worth while, however, to 
try to see what happens when the excretion of uric acid is pre- 
vented. The kidneys of birds are so situated that it is practically 








YUM 


404 The Uric Acid Problem 


impossible to remove them without altogether too serious muti- 
lation of the animal. But the ureters can be exposed, readily 
enough, and ligatured, through their opening into the cloaca 
without otherwise opening the animal. Birds stand ether better 
than dogs and the operation is a slight one. Within a few minutes 
after such an operation the birds are seemingly as lively as be- 
fore. But the operated birds do not live very long, usually less 
than 24 hours. It seems to us probable that they are killed by 
the rapidly accumulating uric acid. 

The following data obtained from Duck 3 will serve to show 
why we suggest that the operated animals die from the effects 
of the accumulating uric acid. 

The operation was performed at 9.30 to 10.30 in the evening. 
At 9.15 a preliminary sample of blood was taken from the wing 
veins. It contained 8.8 mg. of uric acid per 100 ce. At,11 a.m. 
the following morning (interval 13 hours) the animal was bled 
through the jugular vein and killed. This blood contained 224 
mg. of uric acid per 100 cc.! (Old statements and calculations 
concerning the solubility of uric acid and urates in blood do not 
seem to apply to circulating blood.) 

The other uric acid values were 





EE OE Oe Re ROR ey nee Nora 354 
ERD RE ee Ce ne ee eee ee ee 30.2 
| Set Cia cp el til tee ie alsa ap aRneL Eyre me ee eh 101 





We have made a number of experiments of different kinds 
with ducks (and have obtained up to 400 mg. of uric acid per 
100 cc. of blood) but we confine ourselves here to the experiment 
recorded in Table XIX. The figures there given furnish an 
adequate picture of the rate of uric acid accumulation in the 
blood of birds after ligature of the ureters. The kidneys in this 
case, as well as in other similar experiments, did not take up much 
additional uric acid. In experiments of such short duration, the 
kidney continues to excrete uric acid into the pelvis and attached 
stump of the ureter. The picture obtained is to this extent dif- 
ferent from what would be cbtained from complete removal of 
the kidneys. 
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TABLE XIX. 
Showing Rapid Accumulation of Uric Acid after Ligature of Ureters; 
Some Diffusion of Uric Acid into Muscle. 




















j = SUA a) 
| Urie acid per 100 ce. (or I m.). < 10, 
Remarks. |—— | ma “ = 
| id- 
| Blood. — ney. | Diver. Sp Ry 
oa | Fanv 
™). mg. mg. | ™). 
Blood taken before ligating ureters..........| 6.4) 
a “  2hrs. after ligature of ureters....| 45 
“ * ¢ « « “ “ woes ‘| 83 
< « ge « Ror eee Shan 9.1 98 | 50.5 








In another similar experiment the uric acid in the blood was 
8.6 mg. before the ligatures were applied to the ureters. 3} 
hours Jater, when the duck was killed, we obtained the following 
uric acid values. 





mg. 
ACTER CR mee artnet iain RS td NN owl oped D>. 102 
ETE ae ENE ORAS S96. CMRP a> bn? 119 
SN ti n:4 wan schon toes anaes koa abeandan eae oEaee | 11.5 
RESET geet. hgh 54 





Sustained pressure of abnormally high uric acid levels in the 
blood does, therefore, seem to force the muscles to take up uric 
acid, up to concentrations equal to from 8 to 15 per cent of that 
in the blood. 

While the main purpose of the experiments recorded in this 
section has been to supplement the distribution studies made on 
dogs, it has seemed to us important also to ascertain whether 
the dog’s capacity for destroying uric acid is exceptionally great 
or of the same order as in other snimals which eliminate allantoin. 
Practically the only available literature bearing on this question 
is represented by Hunter’s “uricolytic index” studies. The 
validity of this index depends on the validity of the theory that 
allantoin is produced only through the breakdown of nuclein 
material, and this theory seems to be completely shattered by 
the uric acid and allantoin excretions of Dalmatian dogs as well 
as by the fact that the allantoin excretion in most other animals 
is unreasonably large. The uricolytic index of the dog is 98, 
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and of the goat 92, according to Hunter. The uric acid-destroy- 
ing power of the herbivorous goat should, therefore, be very 
nearly as great as that of the carnivorous dog. 

Our first injection experiment with a goat, Table XX, showed 
at once that the uric acid-destroying power of this animal is en- 
tirely different from that of the ordinary dog. 1} hours after 
the injection, the blood plasma contained 9.5 mg. of uric acid; 
had we dealt with a dog the figure would have been about 2 mg. 
And at the end of 4 hours the plasma contained 1.3 mg., and this 
notwithstanding the fact that much uric acid was excreted. One 

TABLE XX. 


Showing thal the Destruction of Injected Uric Acid in the Goat Is Nearly 
Line That of the Dalmatian Hound. 


Goat 1. Weight 13 kilos. 











| Uric acid. 
mg. 
1. Administered 300 cc. of water by stomach tube. 
Sk a ee | Trace. 
re cn cia dbl a nasink van awawene | <0.1 
4. Injected 100 mg. uric acid per kilo (1,300 mg.)............. 
5. 2nd blood ( 4 min. after injection) per 100 cc. plasma...... | 45.6 
aa. * a * ” a ) * ae PS etna 21.0 
7. @h “ (16 brs. ° aes > * ees ee cea | 9.5 
th “.¢4 " ° > * -* Ry Giwaxt 1.3 
9. 2nd urine ( 1 hr. sag o ‘Saf <a 370 
10. 38rd “= s (34 hrs. we = Ts | eee eee 352 
fw “ ¢€§* 6s “i Si eh rrr eee 58 
Total uric acid excretion in 6 hrs., 60 per cent.............. | 780 





never can tell beforehand-whether a given animal will excrete 
any urine after the injection of as much as 100 mg. of uric acid 
per kilo of body weight. It all depends on how much the kidney 
is injured. In the case of dogs the excretion is immaterial 
because of the rapid destruction. 

In our introductory remarks at the beginning of this section 
we referred to the impermeability of the general tissues for uric 
acid and the accompanying uric acid-absorbing power of the 
kidneys as an efficient arrangement for promoting the excretion of 
uric acid—an arrangement which, therefore, probably originated 
when uric acid was the chief nitrogenous waste product. One 
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would scarcely expect to find support for this interpretation by 
a study of the goat. A remarkable illustration of the efficiency 
of the arrangement is, however, given in Table XXI. No less 
than 50 per cent of the injected uric acid was eliminated in 1 hour! 
We doubt whether even urea could find such rapid elimination, 
yet, of all the waste products uric acid is considered the most 
difficult to excrete. 

Because of the rapid excretion encountered in this experiment, 
the destruction of uric acid was necessarily small. The total 
endogenous uric acid excretion of the animal amounted to about 


TABLE XX1. 
Showing 50 Per Cent Elimination of Injected Uric Acid in 1 Hour. 
Goat 2. Weight 23 kilos. 


Uric acid. 
mg. 

1. Catheterized and given 300 cc. of water. 
I ION Es tia dd wine AT Kea Seca aks a Sd ae ia <0.4 
3. Injected 2,300 mg. uric acid in 3 min. 
4. 2nd blood ( 5 min. after injection) per 100 cc. plasma...... 45.4 
5. 3rd “ (30 “ 5 - .- ee ee 16.8 
ah “ Gb. *“ “ Ye pick ae ae 4.6 
——_— - ” ™ ) =a ae 2.0 
8 6th “ (33 “ « “ ) « 1090 “ a oe 1.1 
9. 2nd urine ( 1 hr. * - yee ee 
10. 3rd  “ (23hrs. “ " eR RP eee e 332 
La “ & * ” - TM aa ee edie 167 
ae lU*lUM GRC - ” RM chischasutlecdesamets 41 
13. 6th “ (223 “ ” ” PN in che wdc incdenn een 135 


Total uric acid recovered 73 per cent. 





140 mg. per 24 hours, and the total recovery of injected uric 
acid was about 73 per cent. (The urines were all collected by 
catheterization.) 

In order to obtain a somewhat more dependable basis for com- 
parison, on the one hand between the goat and the Dalmatian 
dog, and on the other, between these and our human subjects 
we injected only 20 mg. of uric acid per kilo of body weight into 
another goat. Of the 272 mg. injected, 207 mg., 76 per cent, 
were excreted in 1 hour and 55 minutes. During the next 3 hours, 
another 30 mg., 11 per cent, were obtained, giving a total re- 
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covery of 87 per cent. From the Dalmatian dog we obtained a 
total recovery of 80 per cent. 

The next experiment, recorded in Table XXII, may be taken 
to illustrate the rate of uric acid destruction in the goat, because 
in this case the injected uric acid caused nearly complete cessa- 
tion of urine excretion. From the different uric acid figures for 
the blood plasma it is perfectly clear that the maximum uric 
acid-destroying power of the goat is of an entirely different order 
from that of the dog. We cannot assume that the diminishing 
uric acid concentrations give a perfectly correct picture of the 
rate of destruction. The sustained high concentrations may 

TABLE XXII. 


Showing True Rate of Uric Acid Destruction in the Goat. Also Temporary 
Nephritic Retention (Approximate Anuria). 


Goat 3. Weight 10.2 kilos. Uric acid injected 1,020 mg. 











Time between injection and a m.. N Remesks, 
taking of blood. | plasma. — 

| mg. mg. 
1. Before injection...........| 0.2 24.3 Only 4 cc. of urine 
2. 5 min. after injection......| 48.4 38.4 obtained by pre- 
3. 30 “ - “2 ..| 24.4 37.8 liminary catheteri- 
4, 1}hrs. “ 7 ....| 15.0 41.7 zation, and only 
5. 33 “ " - ‘aa 11.8 42.6 about 35 cc. were 
6. 44 “ vs - oo 8.2 45.3 obtained during 
7. ve. * ” - oe 55.2 the first 22 hrs. af- 
ne | 19 | 99.8 ter the injection. 
948 “ « ge 146 








have forced the general tissues to take up something. Also, 
the preliminary fillmg and subsequent emptying of the kidneys 
might modify to a considerable extent the concentration of the 
circulating uric acid. In dogs, the kidneys take up their maxi- 
mum during the injection, but the maximum obtainable from the 
dog kidney need not be its real maximum—because of the ex- 
cessively rapid destruction in the blood. In the goat the situa- 
tion is different. In one experiment where we injected 100 mg. 
of uric acid per kilo the first kidney was removed 2 minutes after 
the injection; it contained 138 mg. of uric acid per 100 gm., or 
about the same as corresponding values obtainable from dogs. 
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But the second kidney, removed 7 minutes after the first, con- 
tained 274 mg., twice as much, and far more than we have ever 
found in dogs. The second kidney was still taking up uric acid 
when removed, because the arterial blood passing into it just 
before the excision contained more uric acid than the venous 
blood, taken at the same time. The fall in the circulating uric 
acid from 48.4 to 24.4 mg. during the 25 minutes which elapsed 
between the second and third blood analyses in Experiment XXII 
does not signify, therefore, that substantially one-half of the uric 
acid had been destroyed during the interval. The fact that the 
uric acid was destroyed relatively very rapidly at the beginning 
and then more and more slowly is, however, quite clear. In the 
goat, as in the dog, the speed of the uric acid destruction is pri- 
marily determined by the circulating concentration. It will be 
observed that the uric acid concentration in the plasma fell only 
from 1.9 to 1.3 mg. during the second 24 hour period. This 
means only that at such concentrations of circulating uric acid 
the goat is just able to destroy uric acid as fast as it is produced 
through the breakdown of purine material. But under normal 
conditions goats carry only about one-tenth as high a concentra- 
tion of circulating uric acid. Normally the goat, therefore, 
probably destroys very little uric acid. 

“Uricase may be regarded as a liver ferment’”’ (Jones®) but 
for the preparation of uricolytic extracts the ox kidney seems to 
be used. If by any chance the goat kidney should be as efficient 
as the ox kidney is believed to be, then the removal of this organ 
should materially affect the rate of uric acid destruction. For 
this reason both kidneys were removed from Goat 5 before we 
injected the uric acid. Further, by this procedure is eliminated 
the one place of excessive uric acid accumulation, and we were 
curious to see whether the effect would not be to raise materially 
the level of circulating uric acid produced by the injection of 100 
mg. per kilo of body weight. The results of this experiment are 
given in Table XXIII. The kidneys were removed under aseptic 
conditions, because we intended to follow the rate of non-protein 
nitrogen accumulation. The animal recovered well from the 
ether and the operation. 


Jones, W., Nucleic acids; their chemical properties and physiological 
conduct, London, 2nd edition, 1920. 
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TABLE XXIII. 


Showing Rate of Uric Acid Destruction and of Nitrogen Accumulation in the 
Goat after Double Nephrectomy. 


Goat 5. Weight 23 kilos. Uric acid injected 2,300 mg. 





_ . . nati | Uricacid | _ Non- 
Tee etre wri inntion | por x | rots Remarks. 
™ plasma. 
m). mg. 
1. Before injection..........| 0.5 58 The uric acid was in- 
2. 5min. after injection....| 83.2 87 jected about 23 hrs. 
3.30 “ _ ‘a scony Se | 84 after the removal of 
4. 1} hrs. 7 “: ene a 75.5 both kidneys. The 
5. 33 “ 6 = ceee| meee 77.5 high original non- 
_— " ° em Be 95.2 protein N (58 mg.) 
—_—° ” ue 3.2 | 120 is due to unfinished 
8.24 “ " - 2.3 | 129 recovery from a 
9. 2days “ 2 2: | - oe previous uric acid 
m 3.* * 1.1 246 | injection. 
ss ¢& * t és 12 | 264 
=m ¢ * a st 1.3 306 | 
ao? | “ 1.2 | 366 
14. 8 “ 5 ” 1.2 420 
“aH * " . 1.4 534 | 
16.12 “ - - 1.3 552 
OO aa | 1.8 | 


a 


About 3 hours after the operation a preliminary blood sample 
was taken and the urate injected (through the vein of the left 
hind leg). Subsequent samples of blood were then taken at 
exactly the same periods as in the preceding experiment so as 
to get strictly comparable values both for the distribution and 
for the rate of destruction. Some corresponding uric acid values 
for Goats 3 and 5 are as follows: 








4} hrs. bes hrs. | 24 hrs. 














5 min. | 30 min.| 1} hrs. | 3} hrs. | 
4 | me me | me n9. | | mo. | mg. | mo. 
| eee | 4.4] 24.4] 15.0/ 11.8] 8.2 1.9 
| 20.4 |136 2.3 
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The significance of the kidneys as a special reservoir for uric 
acid stands out clear and unmistakable. It is to be noted that 
the kidneys of Goat 3 must have held fast to absorbed uric acid 
for many hours—indeed even at the end of 24 hours those kidneys 
must still have had some uric acid left. Yet at any one period 
the destruction of uric acid as measured by the rate of diminution 
in the blood is greater in Goat 5. These data do not exclude 
the possibility that some uric acid destruction occurred within 
the kidneys of Goat 3. To secure definite information on this 
point it would be necessary to repeat the experiment until another 
goat responded to the uric acid injection with approximately 
complete anuria and then determine the uric acid content of the 
kidneys 7} or 24 hours after the injection. 

In one experiment, in which nearly complete anuria occurred, 
we have obtained some additional data proving that the kidneys 
of goats actually do retain uric acid for a long time. The goat 
used in this experiment weighed 26 kilos, and was given 2,000 
mg. of uric acid intravenously. The first kidney was removed 
15 minutes after the end of a 4 minute injection. It contained 
154 mg. of uric acid per 100 gm. At the end of 5 hours the last 
sample of blood was taken and the second kidney was removed. 
The plasma contained 2.5 mg. of uric acid while from the kidney 
we obtained no less than 228 mg. per 100 gm. It is clear that 
the second kidney of this goat held fast to the absorbed uric 
acid far more tenaciously than do the kidneys of dogs and it 
seems reasonable to assume that the difference is due to the 
incomparably greater speed of uric acid destruction in the blood 
of the dog. 

In the light of these results it would, of course, be interesting 
to know whether the uricolysis experiments applied to the kidneys 
of oxen would give negative results with the kidneys of goats. 
But we have become more and more skeptical as to the validity 
of conclusions concerning metabolism processes based on_re- 
actions demonstrated by means of tissue extracts. We would 
recall in this connection the rapid transformation of the urea 
of excised muscles into ammonium salts.*’ 

Goat 5 lived almost exactly 2 weeks after the double nephrectomy. 
The animal ate liberally of hay and oats for about 1 week and 


* Gad Andresen, K. L., Biochem. Z., 1921, exvi, 266. 
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much carbonate accumulated in the blood. The equilibrium 
between the production and the destruction of uric acid became 
stationary at about 1.2 mg. per 100 cc. of plasma, but rose to 
1.8 mg. the day before the animal died. The creatinine content 
of the plasma rose in 4 days to 29 mg., and in 6 days to 42 mg., 
and then became stationary at the latter figure. At this level 
we have seemingly encountered another equilibrrum—between 
the production and the destruction (or alteration) of creatinine. 

A few data obtained from a cat and some rabbits are worth 
recording to show that the distribution of uric acid is probably 
of the same order in all animals. A cat and a rabbit were given 
intravenously 100 mg. of uric acid per kilo of body weight. 4 
minutes after the injection blood was taken and 2 minutes later 
the animals were killed and the tissues taken for analysis. The 
uric acid values obtained were as follows: . 














| Blood. Muscle. | Kidney. Liver. 

m). mg. mj mg. 

iiatiaddshdiiatenecencdnncy 18 | 4.6 62 14 
led naremigie 2 a wid lis eee 38 3.7 66 12 





These figures show that the distribution of injected uric acid 
is substantially similar in the cat and rabbit as in the dog and 
the goat. They also indicate that the speed of uric acid destruc- 
tion is of about the same order in the cat as in the dog while the 
destruction in the rabbit is very much slower—probably of about 
the same order as in the goat. 

The fact that the cat and the dog show very rapid destruction 
of uric acid while the rabbit and goat reveal a very slow process 
indicates, of course, that rapid destruction is a characteristic 
of carnivorous animals. 

As our supply of goats was rather limited we have used rabbits 
for the study of one or two additional questions of considerable 
importance. The main question may be stated as follows: The 
uric acid-absorbing power of kidney tissue represents a normal, 
active function in birds. Is the same power completely dormant 
in other animals? Is the normal excretion of endogenous uric 
acid by herbivorous animals accomplished on the basis of the 
uric acid concentrations in their blood plasmas without any 
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preliminary concentration of uric acid in the kidney tissue? 
This is manifestly an important question in connection with 
attempts to explain just how kidneys accomplish excretion. 
The current view that excretion occurs on the basis of the cir- 
culating waste products without intermediary concentration 
in absorbing kidney cells may be entirely erroneous. Folin 
and Berglund have suggested that the excretion of sugars is 
probably determined by the concentration in the kidney tissue 
rather than by the concentration in the blood. This line of 
reasoning should be especially applicable to the common waste 
products, and particularly to uric acid, since we now know that 
kidney cells really possess a specialized power of absorbing this 
waste product. 

Uric acid determinations in normal rabbits should show whether 
uric acid excretion is accomplished by filtration plus subsequent 
water absorption or whether a preliminary concentration in 
the kidneys analogous to that of birds may be involved. 

From two normal rabbits the following uric acid values were 
obtained. 





| 
Plasma, Muscle. Kidney. 





mg. mj. mg. 
NA i tiniib «anni sieinieis ceria 1.1 1.4 3.4 
a SSE | 09 1.2 2.8 





We do not take the position that these uric acid figures defi- 
nitely prove that the rabbit kidneys have absorbed and con- 
centrated circulating acid just as the duck kidneys were doing, 
but the values obtained certain!y are in harmony with such an 
interpretation. Rabbit plasma contains distinctly more uric 
acid than the plasma of the goat. According to our point of 
view these higher levels in the rabbit signify that the rabbit 
excretes uric acid less efficiently than the goat and the difference 
manifestly can be due to a somewhat inferior. responsiveness 
on the part of the uric acid-absorbing power of rabbit kidneys. 
This phase of the uric acid problem could not have been anticipated 
until we had begun to realize that herbivorous animals probably 
destroy very little endogenous uric acid and by that time most 
of the work reported in this paper had been completed. Before 
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making a comprehensive study of the relative concentrations 
of uric acid in normal kidneys it probably will be necessary to 
determine whether the uric acid color reaction made directly 
on the kidney extracts is sufficiently specific for this more exacting 
purpose. 

In order to prove that the kidneys of herbivorous animals 
as a matter of fact do function as a place of storage and con- 
centration for uric acid under conditions which are not far re- 
moved from the normal, we have injected very small quantities 
of uric acid. Into Rabbits 4 and 5, weighing about 2.5 kilos, 
we injected 5 and 10 mg., respectively, and then waited 1 hour 
before killing the animals. The uric acid values obtained were as 
follows: 








Plasma Muscle. | Kidney. 
= _ - | — 
m7. m9. mg. 
NE ain a ees canidiebawawecuas ee 1.6 1.4 4.2 
PP Taw awasbeaweawoaWehensdes 2.4 1.6 6.9 





It is to be noted that in each of these rabbits, as also in the 
preceding two strictly normal ones, the uric acid concentration 
in the kidneys is just about three times as great as the concentra- 
tion in the blood plasma. While we recognize that the uric 
acid content of normal kidneys stands in need of more investigation 
there is no doubt in our minds as to the significance of the uric 
acid values found in the kidneys of these four rabbits. 

Because the circulating uric acid levels in our rabbits were 
several times as high as those of our goats it seemed worth while 
to sacrifice one normal goat in order to get a picture of the uric 
acid distribution between blood, kidneys, and muscles of this 
animal. The analytical results obtained are as follows: 
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In connection with the absorbing power of kidneys it remains 
to be stated that'all the kidney analyses reported in this paper 
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into the question of its distribution between the cortex and fie j\;, 4 © 1¢ 
medulla and in the dog we have found even more uric acid 
the pyramids than in the cortex. Our first attempts to ma 
such regional analyses were not very satisfactory, because the 
removal of the capsule and the opening of a highly edematous 
kidney involves unavoidable loss of much fluid. By first ligating 
the pedicle and then freezing solid (— 15°C.) the whole kidney, 
with its capsule, perfect separation of medulla and cortex without 
any loss of liquid was accomplished. 

The results obtained from such analyses have not been of 
exactly the same order in the goat as in the dog. The analy- 
ses of the goat’s kidneys referred to on page 411 included sepa- 
rate analyses of cortex and medulla. The first kidney contained 
a concentration of 154 mg. of uric acid in the cortex and 166 
mg. in the medulla. The second kidney, taken 5 hours later, 
gave a uric acid concentration in the cortex of 228 mg., and the 
same value, 232 mg., for the medulla. On the other hand, from 
a dog kidney, removed 2 minutes after a rapid injection, the 
frozen cortex gave 124 mg., per 100 gm., and the frozen medulla, 
312 mg. 

The specific uric acid-absorbing power of kidneys revealed 
in this paper suggests, of course, the possibility that other waste 
products may be subjected to a similar preliminary concentration 
process. Important as the question is in relation to interpreta- 
tions of the kidney function we confine ourselves here to one 
brief statement, based on half a dozen different experiments: 
The kidneys absorb both urea and creatinine from the circulating 
blood, but the resulting concentration within the cortex of the 
kidneys is relatively small—rarely amounting to more than twice 
that in the corresponding blood plasma. 


V. 


Many of the experiments reported in this section were made 
before we had done any work on animals. It was only because 
the results obtained from our human subjects clearly indicated 
a very imperfect distribution of the injected uric acid to the 
tissues that we finally decided to inquire whether the distribution 
ascertainable in dogs could supply the needed information. How 
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much of the information gathered from our experiments with 
animals will prove directly applicable to the uric acid problem 
as it pertains to man is perhaps not for us to say, or for any one 
to say, at the present time, but the discussion here presented 
reflects, necessarily, a point of view which could not have been 
formulated on the basis of experiments with human subjects 
alone. 

Intravenous injections in man of from 0.5 to 2 gm. of uric acid 
in the form of almost neutral lithium urate solutions represent 
a comparatively simple and safe procedure. The uric acid was 
purified by several recrystallizations, and was sterilized by dry 
heat (110°C., 2 hours) before being dissolved by means of separately 
sterilized water and lithium carbonate solution. 0.4 gm. of 
lithium carbonate is adequate for the solution of 1 gm. of uric 
acid at 60°C. These solutions were always made immediately 
before the injection. The lithium carbonate under these condi- 
tions destroys no uric acid, and, at least in the quantities used, 
has none of the toxic properties of piperazine. Since uric acid 
solutions of the required degree of concentration, 1 to 2 per cent, 
can be prepared by the help of lithium carbonate, it is unfortunate 
that piperazine, with its confusing superimposed effects, was 
ever introduced in connection with the administration of uric 
acid. 

In most of our experiments we have injected approximately 
22 mg. per kilo of body weight (10 mg. per pound). This is not 
a very large amount. If it were actively taken up by the tissues, 
as are the amino acids, the residuum left in the blood should sink 
to a few tenths of a milligram above the initial level. On the 
other hand, if the distribution were like that of urea, we might 
fairly expect to be left with an increase in the blood plasma of 
not less than 2, nor more than 4, mg. at the end of the necessary 
short distribution period. If either of these two possibilities 
had been found to correspond to the experimental facts we doubt- 
less should have increased the uric acid dosage in later experiments; 
but, as it turned out, the amounts given are more than ample 
to secure unmistakable analytical figures, both for blood and 
for urine, and larger doses would only increase the danger of 
injury to the subjects. 

A preliminary experiment made with only 0.5 gm. of uric acid 
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had, in fact, shown that we would encounter no difficulties in 
the way of finding accumulations of uric acid in the blood. In 
this case, the second sample of blood was drawn from one arm 
while the urate solution was still running into the veins of the 
other, but this precaution was entirely unnecessary. The sub- 
ject, H.B-d, was on a mixed, but purine-free and low nitrogen, 
diet throughout the 3 weeks duration of the experiment, and in 
the course of this period received two 2 gm. injections of uric 
acid, in addition to the preliminary 0.5 gm. injection. The 
last injection was accompanied by the administration of atophan. 
The main experiment in which 2 gm. of uric acid were injected 
is recorded in Table XXIV. 

The figures there shown reveal most vividly the unexpected 
results obtainable from intravenous injections of uric acid in man. 
In this case the uric acid of the blood plasma rose from 5.6 mg., 
immediately before the injection, to 22.4 mg., immediately after— 
an increase of 16.8 mg. It may be remarked that such levels 
for the uric acid content of blood very nearly equal the highest 
figures obtained for the latest stages of nephritis. During the 
following 10 minute period, allowed for the establishment of 
equilibrium between blood and tissues, the level in the plasma 
fell only 2.2 mg.—to 20.2 mg. This subject weighing 88 kilos 
should have had about 4 liters of plasma, and this plasma contained 
224 mg. of uric acid before the injection, 896 mg. at the end of 
the injection, and 808 mg. at the end of another 10 minutes. 
In other words, during the first 10 minutes, counting from the 
beginning of the injection, 1,328 mg. of the administered 2,000 
mg. of uric acid had been removed from the blood, while during 
the second 10 minute period only 88 mg. were removed—and 
this, notwithstanding the fact that the level in the plasma at 
the end of that period still stood at the extraordinary figure of 
20.2 mg. per 100 cc. 

These figures clearly show that the available tissue reservoir 
for uric acid in man is extremely limited. The absorption of 
1.3 gm. of uric acid by the tissues of this man weighing 88 kilos 
clearly resulted in a strain on their absorptive capacity. The 
distribution of 1.3 gm. to 50 kilos of tissue material would mean 
an average absorption of only 2.6 mg. per 100 gm. of tissue. 
Variations greater than that are found in the plasma of normal 
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men under ordinary conditions. To us it seems quite unreason- 
able to assume that the major human tissues should normally 
be so nearly saturated with uric acid that they cannot take up 
a few extra milligrams per 100 gm. We conclude rather that 
the taking up of uric acid, or the holding of uric acid, is not 
normally a function of the major tissues of man. To draw any 
other conclusion would involve the assumption that the distri- 
bution of uric acid in man is fundamentally different from the 
distribution found in animals. The conclusion that muscles 
do not take up uric acid does not imply that all the uric acid 
which has disappeared from the blood has found lodgement 
in the kidneys. We have seen that the resistance of the muscles 
to uric acid is not so absolute and complete but that they can 
be forced to take up some uric acid in response to the sustained 
pressure of very high concentrations in the blood. We assume 
that in this respect human tissues do not differ materially from 
the tissues of other animals. 

Our hypothesis that injected uric acid cannot escape into 
the bulky general tissues (muscles) is not based only on the high 
levels remaining in the plasma after a relatively short distribution 
period. The extraordinary length of time during which those 
levels remain very high is even more significant. During the 
first 38 minutes after the injection the subject of Table XXIV 
eliminated uric acid at the rate of 286 mg. per hour, yet at the 
end of 1 hour the uric acid in the plasma stood at 13.1 mg., and 
at the end of 3 hours it stood at 11.8 mg. The fall of 1.3 mg. 
during the intervening 2 hour period can manifestly be due to 
the excretion. At the end of 27 hours the uric acid concentration 
was 8.7 mg., a level which we might reasonably have expected 
to find within 10 minutes after the injection. Even at the end 
of another day the uric acid was unmistakably high, 6.3 mg., 
instead of the initial value of 5.6 mg. 

From the uric acid figures cited, it is clear that a single moderate 
intravenous injection of uric acid in man will produce uric acid 
levels in the blood which are unexpectedly high as well as un- 
expectedly persistent. How do these higher levels affect the 
uric acid excretion? How much is ultimately recovered in the 
urine? How much, if any, is destroyed? 
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The subject had been on a purine-free diet containing only 
30 gm. of protein for over a week before the uric acid injection, 
and during that period the 24 hour, as well as many hourly, 
uric acid eliminations had been determined. In response to 
the injected uric acid the hourly uric acid output rose promptly 
from 21 to 286 mg., while the uric acid in the plasma rose from 
5.6-mg. to a maximum of at least 22.4 mg., and again sank— 
probably to something like 16 mg. This high speed of elimination 
lasted only for a few minutes. The second urine, representing 
50 minutes, revealed a rapid fall in the excretion, the average 
for this period being 120 mg. per hour. The third urine (57 
minute period) represents nearly the same uric acid concentration 
in the plasma as the preceding period, yet the hourly excretion 
is only 82 mg.—a fall of 38 mg. During the night (12 to 8 a.m.) 
the average excretion was 38 mg. per hour. The total extra uric 
acid excreted during the first 21 hours amounted to 37.4 per cent 
of that injected. The 2nd day (24 hours) yielded 10.6 per cent 
more, and the 3rd, 5 per cent—53 per cent in all. 

It is possible that the next two 24 hour urines also contained 
traces of “extra” uric acid, but the figures obtained do not warrant 
any such assumption, and the point is immaterial, for, at all 
events, it could be only a matter of a few milligrams. It is clear 
that in this experiment only about one-half of the injected uric 
acid was recovered. The other half disappeared. So far as 
we can see it is not possible to interpret this disappearance ex- 
cept on the basis of destruction. 

The figures recorded in Table X XV are, in all essential respects, 
substantially identical with those discussed in connection with 
Table XXIV. The subject, C.D-k, weighed less—67 kilos, 
and the amount of uric acid injected was, therefore, only 1,450 
mg., instead of 2gm. The following points may be noted. The 
uric acid levels in the blood at the end of 10 minutes, as well 
as immediately after the injection, were within 2 mg. of the 
corresponding figures obtained from H.B-d. It is rather fortunate 
that these two subjects, joint authors of this paper, gave so nearly 
identical values, notwithstanding their very different weights 
and physical characteristics, because this fact removes the necessity 
of considering whether we might not be dealing with subjects 
who are not strictly normal. Whether the subjects are strictly 





TABLE xXxXv. 
Showing Prolonged Retention and 46 Per Cent Loss of Injected Uric Acid. 





Subject Dr. D-k. Age 29 years; weight 67 kilos. 
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normal or not could not materially alter the significance of the 
results obtained, but the figures for the non-protein nitrogen 
of the blood show certainly that we were not dealing with subjects 
having abnormal nitrogen retentions. The point of normality 
is one which we mention here only because these two subjects, 
as a matter of fact, represent the highest degree of immediate 
uric acid accumulation which we have found. 

That the excessive height of uric acid level reached in these 
two subjects was not accidental is proved by the fact that each 
subject later received a second injection of the same quantity 
of uric acid (atophan experiments) as was used the first time, and 
in each case, the second experiment gave exactly the same early 
levels as had been obtained from the first injection. One remark- 
able feature to be noted in Table XXV is that the uric acid level 
in the plasma was the same on the morning of the 2nd day after 
the injection as at the end of the first 21 hours (8 mg.). From 
this table one can also see, rather more clearly than from the 
first, that there is no close correspondence between the uric acid 
level in the plasma and the uric acid excretion. The hourly 
excretion just before the injection was 26 mg., the Ist night 
urine after the injection yielded only 21 mg. per hour, notwith- 
standing the continuing high level in the plasma. 

Another point to which attention might be called is the fall 
in the non-protein nitrogen following the uric acid injection. 
It fell steadily from 19.5 mg., the initial value, to 15.6 mg., about 
6 hours later. This depletion of the circulating non-protein 
nitrogen is presumably due to the excessive diuresis. Varying 
degrees of diuresis are always obtained from moderate urate 
injections, but only in some is it associated with a fall in the 
non-protein nitrogen. The diuresis is seemingly without effect 
on the uric acid excretion; but in nearly all cases the water ex- 
cretion is so abundant that the concentration of uric acid is less 
than 2 mg. per cc. of urine. Special experiments, involving 
copious water drinking, have confirmed our finding that “water 
diuresis” does not produce a more rapid excretion of the injected 
uric acid. The diuresis following uric acid injection most prob- 
ably should be regarded as a symptom of a transient injury to 
the kidneys. 

The fall in the non-protein nitrogen of this subject is par- 
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ticularly interesting from one point of view. In man, whose 
destruction of uric acid is of an entirely different order from that 
of dogs, the injection of 20 mg. per kilo of body weight might 
produce just as extensive accumulations in the kidneys as does 
the injection of five times as much in the case of dogs. And ac- 
companying such an accumulation there should then occur the 
same swelling and the same temporary injury—in short, a tempo- 
rary but, nevertheless, distinct “nephritis.”” The injection of 20 
mg. of uric acid per kilo does not seem to produce any nephritic 
symptoms in normal human subjects. Most of the subjects 
become somewhat sick for a few hours, some very much more 
than others, but in no normal person have we obtained any defi- 
nite signs, except the diuresis, of even a most temporary kidney 
injury. Whether the human kidney is especially resistant to the 
effects of an influx of uric acid we do not know, but there is no 
reason to doubt that a given injection of uric acid per kilo of body 
weight should produce greater and more persistent accumulations 
in the kidneys in the case of man than in the case of the dog. The 
accumulation should be more like that of the goat. Too much 
stress probably should not be laid on our failure to find signs of a 
temporaryinjury. Here, as in the case of dogs, the surplus capacity 
of the kidneys is large, and considerable damage to the organs would 
have to be done before one could expect to find at least the symp- 
toms of nitrogen retention, especially since the subjects were on a 
low protein diet. 

~ The uric acid excretion recorded in Table XXV is of the same 
order as in the first experiment. The total amount recovered 
in Experiment XXV cannot be calculated very exactly, because 
of uncertainty as to how much to allow for endogenous uric acid. 
The subject had been on the same purine-free diet as H. B-d, and 
for the same length of time. The average daily uric acid output 
was 461 mg. before the injection, yet during the 6 days following 
the injection the output fell consistently until it was only 366 mg. 
The extra output of injected uric acid might perhaps be safely 
figured at 55 to 60 per cent; 36 per cent for the Ist day, 10 per 
cent for the 2nd, and about 10 per cent for the following 2 days. 
The significant fact to be noted is that, on the 4th day after in- 
jection, there was still some of the added uric acid circulating 
in the blood and contributing to the excretion. 
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In order to set forth the extraordinary variations occurring 
in different normal individuals with respect to injected uric acid, 
the reader’s attention is next called to the figures recorded in 
Tables XXVI and XXVII. The experimental conditions were 
the same as for the first two subjects, except that a little more 
carbohydrate food was taken. In all four cases, the diet was 
purine-free and very low in protein. These two subjects gave 
substantially identical figures for the uric acid in the plasma at 
corresponding periods. In both cases we failed to find the initial 
very high concentrations recorded in Tables XXIV and XXV, 
but if we compare the levels existing at the end of about half an 
hour, all four are very much alike. 


Table XXIV = 13.1 mg., Table XXV = 12.7 mg., Table XXVI = 11.6 
mg., Table XXVII = 11.2 mg. 


Or if we subtract the uric acid present before the injection, so as 
to get the increases due to the added uric acid, we have the 
following. 


Table XXIV, 7.5 mg.; Table XXV, 7.3 mg.; Table XXVI, 6.6 mg.; 
Table XXVII, 6.8 mg. 


The plasma values found the following day are also very 
similar, the figures being 8.7, 8, 7.8, and 7.2 mg., respectively. 
The differences encountered in the elimination, and therefore 
also in the disappearance (destruction) of uric acid, are, however, 
very great. The excretions for the first 2 days in each case are as 
follows: 


Table XXIV = 37.4+ 10.6 = 48 _ per cent. 


” XXV =36 +10 = 46 “| « 
“ XXVI = 59 os 13.5=72.5 “ “ 
“« XXVII=19 +9 =28 “ 6 


As already stated a little additional uric acid doubtless does 
come out after the 2nd day, but the amount is small and diffi- 
cult to calculate with exactness. 

The subject, H. B-n, of Table XXVII is probably the most 
vigorous and healthy subject of all, in so far as any such com- 
parison could be made. But he became quite sick, and thoroughly 
incapacitated for several days after the injection. He was familiar 
with the work and knew that some of our subjects did not stand 





TABLE XXVI. 
Showing Sustained Excretion and Only 9 Per Cent Destruction of Uric Acid. 
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the injection so very well. He therefore preferred to get first 
a small injection, and he had received 400 mg. 4 days before 
the one recorded in Table XXVII. He suffered no ill effects 
at all at that time, but the larger subsequent dose proved very 
severe in result. He lost several pounds in weight, in the course 
of the following few days. 

The recovery of uric acid recorded in Table XXVI is our best 
on a low protein diet. In this case there was unmistakably 
a considerable extra uric acid elimination during the 3rd and 
4th days as well, so that the total recovery was fully 90 per cent. 
If all individuals reacted in approximately the same way as this 
subject, H-w-d, first year medical student, one might feel justified 
in accepting the prevalent view that uric acid is substantially 
indestructible in the human organism. It is to be noted, however, 
that the speed of elimination in H-w-d was extremely rapid, 
59 per cent during the first 21 hours as against only 19 per cent 
in Table XX VII. 

From this marked difference in the speed of elimination, par- 
ticularly during the Ist day, one might conclude that it is the 
rate of excretion which determines the degree of destruction. 
The more rapid and extensive the elimination, the less would be 
left for destruction. In favor of this conclusion one might point 
to the fact that the kidneys of different normal individuals seem 
to exhibit different degrees of efficiency since the b!ood, or plasma, 
of different normal persons contains such widely different levels 
of uric acid under ordinary conditions. While the speed of 
elimination must affect the degree of the destruction, the speed 
of destruction must also affect the total excretion—yet both 
these processes, as we shall see, are subject to independent 
variations. 

The following points may be noted in connection with these 
two experiments. Subject 26 not only eliminated three times as 
much extra uric acid the Ist day as did Subject 27, but the former 
continued to excrete extra uric acid during 3 additional days, 
while the latter stopped at the end of 1 additional day. Had 
there been no destruction of uric acid or had there been equal 
speed of destruction, B-n, Table XXVII, should have shown the 
longer period of excretion. The results obtained indicate there- 
fore that B-n destroyed uric acid much more rapidly than H-w-d, 
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and so far as concerns these two subjects, there is no occasion 
for also ascribing diminished power of elimination to B-n, since 
the slow and short elimination may have been a consequence 
of the rapid destruction. The uric acid figures obtained for the 
blood of the two subjects are in harmony with the view that the 
predominant and decisive differences have to do with their 
respective destructive capacities for uric acid. Before the in- 
jection, B-n’s plasma contained 4.4 mg., H-w-d’s, 5 mg. This 
difference is not great nor very significant, but the following 
morning B-n had 7.2 mg. in the plasma, and H-w-d, 7.8 mg. 
These figures clearly suggest that B-n had somehow got rid of 
just as much uric acid during the intervening period as did H-w-d; 
and as B-n excreted a small amount, he presumably destroyed a 
great deal. 

There is another point which might well be referred to in con- 
nection with Tables XXVI and XXVII. We have obtained 
abundant evidence in the course of our numerous experiments 
that uric acid produces more or less severe, though seemingly 
temporary, toxic symptoms. Mr. B-n, as previously stated, was 
nearly prostrated a few hours after receiving the injection and 
it took him a long time to recover. H-w-d, on the other hand, 
remained perfectly well, had probably less discomfort than any 
one else, and did not object to being used again. This great 
difference in the toxic effects is decidedly suggestive in view of 
the fact that one subject got rid of the uric acid mainly by ex- 
cretion. Since the former became ill, it looks as if the toxic 
symptoms were due to the decomposition products of uric acid 
rather than to uric acid itself. It is not possible, of course, to 
measure or compare the subjective symptoms. These symptoms 
(aside from the immediate minor and fleeting feelings of congestion 
in the head) come 3 to 4 hours after the injection, and consist 
of headache, nausea, and an increasing feeling of weakness border- 
ing on exhaustion. Also the subject looks decidedly pale. Much 
more work must be done before one can say with any degree 
of certainty whether the toxic effects obtained from uric acid 
injections are due to uric acid itself or to its decomposition prod- 
ucts. And our main problem here is necessarily to elucidate 
only the fact that decomposition of uric acid does occur within 
the human organism. 
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We believe that the results recorded in Tables XXIV to XXVIT 
prove conclusively that it is no longer possible to deny that there 
is destruction of uric acid in man, but more experiments bearing 
on a point concerning which there has been so much controversy 
are appropriate. 

The results shown in Table XXVIII and XXIX are differ 
from any of those found in Tables XXIV to XXVII. From 
blood analyses we learn that there is an unusually rapid remo 
of the uric acid from the circulation. In 40 minutes the lev 
has sunk from an unknown maximum to 10 and 10.9 mg., re- 
spectively. In another couple of hours we have the levels at 
8.6 and 8.4 mg.; and the following morning the uric acid has 
reached the low levels of 5.7 and 5.5 mg. The corresponding 
figures in the first four tables range between 7.2 and 8.7 mg. 
Notwithstanding this unusually rapid disappearance of uric 
acid from the blood during the first 24 hour period it is clear, 
at least from Table XXVIII, that the small residuum still in 
the blood is removed very slowly. On the 3rd day, the subject 
of this table, W-n, another medical student, eliminated 115 mg., 
or 8 per cent of the injected uric acid. 

B-ck, Table X XIX, on the other hand, probably eliminated no 
uric acid on the 3rd day. Since 62 per cent was eliminated by B-ck 
the Ist day, against 48 per cent by W-n, and since the total 
elimination of these two subjects is identical, 65 per cent, it 
seems reasonable to assume that in the case of B-ck, we have 
encountered greater speed, both of destruction and of elimination, 
than in W-n. B-ck’s speed of elimination is greater even than 
that of H-w-d, Table XXVI, 62 versus 59 per cent, during 
the Ist day, yet the total excretion of B-ck is only about 
two-thirds that of H-w-d. It clearly is not possible to interpret 
such differences except on the basis of different speeds, both for 
the destruction and for the elimination of injected uric acid— 
after one has once accepted destruction as a feature of the inter- 
mediary metabolism of uric acid. 

The figures recorded in Tables XXIV to XXIX probably 
give a correct but, of course, incomplete picture of what happens 
to uric acid injected into the human circulation. The varia- 
tions encountered are surprisingly large considering the uni- 
formity of the experimental conditions, but these variations 


“sysvUIEY ‘aun -wusel ‘oulLy 





*SOITH LZ 94B10M ‘sav0hk GZ COBY *Ho-e qoetqng 
“prov 01479 fo uoyonspeed pidey pun uonnuzmng Pidoy yioq Bu2zp22pUuT 
“xXiIxx BS IaV.L 








The Uric Acid Problem 


430 









































| | 8°61 eb | st 
6° cor | ges LT 
» » 9 ~T8I0L ZF CSP | 080 ‘T o'61 ce 9T 
»n » 8 » WH 6° or | 000 ‘T 8°61 i) gt 
» » 6 » Sl b's os¢ | | OOF T | eS Lg oT 
‘quao sod gp “Bur 1¢9 sb | 920T | | 006% 
:POI9A0I0l PINS 911) | 61 al ‘ule 00'S 
167 | 66 » 00°01 
2 61 GL » 00'S 
*8 ol9 » 88° 
LL OOF » 8hS 
“ABp 4xou 41O0jUIOD 06 9'°8 » 60% 
-sip ou—s][1yo9 ‘ayoepvey ‘481143 LOI I6I os ae 
psy yofqns oy} uooUlEzje [IV IZ 001 » CE Sl 
‘ ¥9Z OOF » 62°21 
1°02 Lal ‘urd 20°21 
*A[SNOUSABIZUI PI9B O1IN ‘Zur oce‘T ‘Ul'e ZO-LP II 
| lb 9°12 (7 ‘Urs OF IT 
| sT ‘ 
I? OsP geg aT 
‘Sul le cob OLE Tt 
CZp plow’ o1IN snousZopuse esvisay 6'& OP | 09 OT 
| 7 cer | 028 | 6 
m6 “Ou “bu "20 Te “Cu “Cum 
: ‘ & 
-9a1p onene |e | mag | Mee | ayaa “ay 3g % Oot 494 | 00 oot 40d eset “aby 
u1ajoid MOl 9e1j-ulind & UO Z “Id y aouIg N [870.1 ‘prov og) -oUInJoA *™ AUON | ple ou 
“sy IBUIEY ‘oulgQ S, | *BUIsEl *OuILL, 








*SO[TY Z9 FyBIom ‘suvedk oz oBy ‘U-M Yolqng 
“‘pwy 24) pajoaluy fo quag sag 9g moqy fo (uowyInsj8aq) sso buinoyy 
‘MNIAXX WIAVL 





431 


O. Folin, H. Berglund, and C. Derick 





*pury Aus jo 80090 ou 
peoonpoid siyy *A[snoueaviyur 
SPHolqo any] “Bur QOS peareoey 


"quad 10d g°gg° * [840], 
(3) » SP 

” ” c's ” gs 
‘quedo tod «67g “Bul 196 
:PeI9AOIEI PIO 911) 


*A[SNOUSABIZUT PIOw OLIN “Bur 009‘T 


‘Zu 
OLE plow O1IN snoueZopus oFvi90Ay 





3a tim wt oO OA 


QMS 
mm © wh 


“m0 





Rad: 
u1e701d MO] enay-ouyand 8 uO Z Avy ooulg 





“sq $Z 10d 
N [%7°.L 











“sysBUIEYy 





OFS 
0z¢ 
T¥S 
6LS 


8I9 
ceo 
Ls¢ ‘I 
gg 
Sel 
OST 


Srl 


vz 


669 
L19 
ves 
6e¢ 


“Cu “Ou 





“plow on) 





‘sy #Z19q | “AY JOG 





012 ‘2 
0ZL ‘T 
090 ‘Z 
028 ‘Z 
028 ‘Z 
008 ‘Z 
org ‘T 
ISI ‘Z 
16 
lb 
O8T 
SII 
68 
€8I 
OFZ ‘E 
009 ‘ 
008 ‘Z 
O19 ‘Z 
"99 | vo 
‘14 9G 49q | “ay s0q 
“OUINJOA 





“SOITH 22 340B10mM {siv0k Gz Oy 
“pr9V 914 fo uononspeod Pidvoy pun uonnunungy Pidoy you Buzworpus 


“xXixx BD IavL 


“30-q Joofqng 











10e | St 
102 oF 
FLI es 
9°81 o8 
€°SI ¥'8 
6ST 601 
L'0Z ¢ ZI 
9°81 eF 
“ou Ou 
ad |. mn“ 
peg Lee >= 
-u0oN ‘ 


| 


BARRARRGE 


‘u's 00'S 
» SPOT 
» S88¢ 
» 86€ 
» PIS 
‘urd 90'ZI 
» bb OL 
» €€°0T 
‘ul’ FL OL 
‘ure 70-00 OI 
‘Ul QO'6 

0% 

6T 

8T 

LT 

oT 


£z61 ‘ABW 








XUM 


VJ 


432 The Uric Acid Problem 


do not hide the two significant facts that uric acid lingers for a 
very long time in the blood stream, and that large amounts of 
uric acid can be destroyed within the human organism. 

The experiments recorded in Tables XXX to XXXV confirm 
and extend the observations. The normal uric acid elimination 
in man is subject to large and seemingly unaccountable varia- 
tions, no matter how uniform the diet or what kind of a diet 
is used. A most interesting characteristic of the normal uric 
acid elimination is that it is so easily modified by conditions 
other than the feeding of its precursors (purines). 

Tables XXX and XXXTI illustrate the effect of urea together 
with a low nitrogen diet on the excretion of injected uric acid. 
(The results obtained from the same subjects, H-w-d and B-ck, 
on a low protein diet alone are shown in Tables XX VI and XXIX.) 
The urea (50 gm.). was given by mouth, 15 gm. before the uric 
acid injection, and the remainder in divided doses at different 
intervals. 

H-w-d had eliminated 59 and 13 per cent, respectively, on the 
Ist and 2nd days, a total of 72 per cent. Under the added in- 
fluence of 50 gm. of urea the corresponding values were 73 and 
18 per cent or a total of 91 per cent. During the 3rd and 4th 
days, without urea, he eliminated 7 and 11 per cent, respectively, 
while in the urea experiment the corresponding figures are 5.5 
and 4.5 per cent. The final total of 101 per cent in the urea 
experiment can scarcely be accepted as showing complete re- 
covery of the uric acid injected. It is more probable that we 
have happened to encounter more than the average amount of 
endogenous uric acid excretion during those 2 days. If one were 
to accept the view that the recovery represents only injected 
uric acid one would have to conclude also that in this case no 
destruction of uric acid took place. While H-w-d’s destruction 
undoubtedly was small both in Experiment 26 and in Experi- 
ment 30, Table XXXIV shows that H-w-d destroyed up to 26 
per cent of injected uric acid when on a high protein diet, and it 
is therefore scarcely reasonable to assume that he destroyed no 
uric acid at all in the experiment under discussion. 

The second subject, B-ck, Table XX XI, had shown even higher 
speed of elimination than H-w-d on the low protein diet alone, 
but in this experiment the urea failed completely to produce an 





TABLE xxx. 
Showing that Urea Has Little or No Effect on Uric Acid Excretion. 





(See Tables XXVI, XXXIV, and XXXV.) 


Subject H-w-d. 
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acceleration or total increase in the uric acid elimination. Lewis 
and Doisy, using smaller doses, found that urea has no influence 
on the hourly output of endogenous uric acid. 

In all of the eight experiments recorded above the subjects 
had been kept on a very low protein diet. This plan was adopted 
because it was thought that the endogenous uric acid output 
would be not only at a minimum, but also more constant, under 
such conditions, and we hoped, therefore, that we should be 
able to determine with greater certainty the exact amount and 
per cent of recovered uric acid. The uniformly low nitrogen 
excretions and the low levels of the non-protein nitrogen in the 
plasma give a clear picture of the underlying dietetic condition. 
From this diet we hoped to secure not only a minimum of endoge- 
nous uric acid excretion, but also the lowest attainable levels 
of circulating uric acid in the plasma. The different uric acid 
values obtained before the injections show that the last named 
object was not attained. The values vary between 4.2 and 6.0 
gm. and give an average of 4.9 mg. per 100 cc. of plasma. The 
average non-protein nitrogen was only 19.8 mg. 

These figures are decidedly significant. In the following three 
tables (XXXII to XXXIV) we have the corresponding values 
for the uric acid and non-protein nitrogen levels on a purine- 
free, but protein-rich diet. The average non-protein nitrogen 
level is here 28.3 mg., instead of 19.8, while the uric acid level 
is only 3.4 mg. as against the 4.9 mg. obtained on the low protein 
diet. Notwithstanding the marked increases in the endogenous 
uric acid excretion obtained from the purine-free, but protein- 
rich diet, there is an unmistakable fall in the level of the circu- 
lating uric acid. 

These unexpected findings lead to one or two important con- 
clusions. They show that there is no definite relationship be- 
tween the level of the circulating uric acid and the magnitude 
of the uric acid excretion even under practically normal condi- 
tions—just as we have failed to find any close relationship be- 
tween the uric acid level in the plasma and the speed of the 
elimination after the injection of uric acid. 

The fact that a high protein diet produces a larger excretion 
of endogenous uric acid and at the same time reduces the cir- 
culating level of uric acid below the levels obtainable on low pro- 
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tein diets would seem to furnish a new point of view for the die- 
tetic treatment of persons with a gouty disposition. It has long 
been recognized that such persons should abstain from food 
which is rich in purines and it has also been thought advisable 
to reduce the endogenous production of uric acid by a sparing 
use of every kind of protein material. But our findings seem to 
indicate chat the best dietetic method for reducing the circulating 
uric acid should be a purine-free diet containing enough protein 
to yield 15 to 20 gm. of nitrogen in the urine. The dietetic litera- 
ture bearing on gout has probably greatly exaggerated the im- 
portance of abstaining from all food which contains any purine 
materials. A small amount of purine products should be of 
very little consequence provided that the diet is distinctly high 
in protein. 

Our suggestion concerning dietetic treatment in gout probably 
has very little bearing on those severe cases where the subjects, 
because of the frequency of the attacks, are more or less com- 
pletely incapacitated for work. It refers particularly to those 
more common subjects who have had few attacks and whose 
kidneys are nearly normal in their capacity to eliminate urea. 

.The low uric acid levels in the blood and simultaneous high 
uric acid output obtained on purine-free, high protein diets 
would seem to suggest that the most prominent effect of such 
diets is to promote the elimination of the endogenous uric acid. 
By virtue of the accelerated elimination resulting in a correspond- 
ing diminution in the destruction, the extra output of endogenous 
uric acid obtained under these conditions could be adequately 
explained, without assuming that there is any increase in the 
production of endogenous uric acid on high protein diets. The 
results obtained from uric acid injections are, unfortunately, not 
consistent enough to prove definitely that this interpretation is 
correct. Excessive speed of elimination is indeed shown by 
B-ck, in Table XXXII—76 per cent of the injected uric acid 
came out in the course of 21 hours, as against 62 per cent during 
the corresponding period on a low nitrogen diet (Table X XIX), 
and 50 per cent on the low nitrogen diet plus urea (Table XXXI). 
W-n, Table X XXIII, eliminated 60 per cent of the uric acid on 
the high protein diet as against 48 per cent on the low protein 
diet—in 21 hours. From H-w-d, on the other hand, we got 57 








TABLE XXXII. 
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per cent recovery on the high protein diet, or practically the 
same figure as the 59 per cent given by the low protein diet. 

The figures, therefore, seem to indicate that, in H-w-d, the 
high protein diet failed to produce an increased elimination. 
From the total recovery of uric acid with the two diets we are, 
however, compelled to conclude that H-w-d had little destruc- 
tiun of uric acid while on low protein diet and that he, for some 
reason, was destroying uric acid much faster 2 months earlier 
when on the high protein diet. There is every reason to believe 
that the peak of the destruction as well as the peak of elimina- 
tion of uric acid occurs in the earlier periods after the injection 
of uric acid. When thus considered from the standpoint of 
simultaneous destruction and excretion of uric acid, it seems 
justifiable to conclude that the elimination figures obtained from 
H-w-d with the high protein diet do not contradict our inference 
that high protein diets tend to increase the speed with which 
uric acid is eliminated. The point involved here is of consider- 
able theoretical importance aside from its practical bearing 
on the dietetic treatment of gouty persons. The increased endo- 
genous uric acid excretion on high protein diets first found by 
Folin, in 1905, and since repeatedly verified by others, has never 
been explained. 

To us it seems quite reasonable and probable that high protein 
diets accelerate the speed of uric acid elimination—it has long 
been known that high protein diets produce increased elimination 
of administered creatine. Because of this increased speed of 
excretion the circulating uric acid is kept at a lower level and 
because of this lower level there is less destruction. Here we 
have a seemingly adequate and simple explanation of why more 
endogenous uric acid is eliminated on high protein diets. The 
conspicuous fluctuations in the excretion of endogenous uric 
acid both on high and on low protein diets are due to fluctuations 
in the two variables—elimination and destruction. The tem- 
porary increases in the uric acid excretion obtained from the 
injection of simple amino acids, by Lewis and Doisy, represent 
most probably an increased elimination and nothing more. To 
explain the increased output on the basis of increased production 
would imply a responsiveness on the part of the kidneys to minute 
increases in the circulating uric acid which the kidneys do not 
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per cent recovery on the high protein diet, or practically the 
same figure as the 59 per cent given by the low protein diet. 

The figures, therefore, seem to indicate that, in H-w-d, the 
high protein diet failed to produce an increased elimination. 
From the total recovery of uric acid with the two diets we are, 
however, compelled to conclude that H-w-d had little destruc- 
tion of uric acid while on low protein diet and that he, for some 
reason, was destroying uric acid much faster 2 months earlier 
when on the high protein diet. There is every reason to believe 
that the peak of the destruction as well as the peak of elimina- 
tion of uric acid occurs in the earlier periods after the injection 
of uric acid. When thus considered from the standpoint of 
simultaneous destruction and excretion of uric acid, it seems 
justifiable to conclude that the elimination figures obtained from 
H-w-d with the high protein diet do not contradict our inference 
that high protein diets tend to increase the speed with which 
uric acid is eliminated. The point involved here is of consider- 
able theoretical importance aside from its practical bearing 
on the dietetic treatment of gouty persons. The increased endo- 
genous uric acid excretion on high protein diets first found by 
Folin, in 1905, and since repeatedly verified by others, has never 
been explained. 

To us it seems quite reasonable and probable that high protein 
diets accelerate the speed of uric acid elimination—it has long 
been known that high protein diets produce increased elimination 
of administered creatine. Because of this increased speed of 
excretion the circulating uric acid is kept at a lower level and 
because of this lower level there is less destruction. Here we 
have a seemingly adequate and simple explanation of why more 
endogenous uric acid is eliminated on high protein diets. The 
conspicuous fluctuations in the excretion of endogenous uric 
acid both on high and on low protein diets are due to fluctuations 
in the two variables—elimination and destruction. The tem- 
porary increases in the uric acid excretion obtained from the 
injection of simple amino acids, by Lewis and Doisy, represent 
most probably an increased elimination and nothing more. To 
explain the increased output on the basis of increased production 
would imply a responsiveness on the part of the kidneys to minute 
increases in the circulating uric acid which the kidneys do not 
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possess. Sodium chloride in large doses, 30 gm., can accelerate 
the uric acid excretion quite as much as amino acids. 

The figures given in Table XXXII are particularly interesting. 
The uric acid in the plasma stood at 3 mg. before the injection, 
and in the course of about 6 hours fell to 3.6 mg. or almost the 
initial value. In none of our numerous injection experiments 
made on man while on low protein diets have we seen anything 
approaching such a rapid disappearance of the uric acid from the 
blood. The results obtained in this experiment resemble those 
obtained with the Dalmatian dog, Table XV. In the first 3} 
hours, B-ck excreted about 36 per cent; Smoky, the dog, about 
46 per cent. In about 9} hours, Smoky eliminated 80 per cent, 
while B-ck, in 103 hours eliminated over 60 per cent. The 
blood figures also are of the same order in these two different 
subjects. 11 minutes after the injection, the circulating uric 
acid in B-ck was 6.5 mg. higher than before the injection, while 
in Smoky, the increase 4 minutes after the injection was 5.2 mg. 
And about 2 hours after the injection the extra circulating uric 
acid was 2.7 mg. in B-ck, and 1.8 mg. in Smoky. The speed of 
destruction as well as the speed of elimination has been un- 
mistakably more rapid in Smoky than in B-ck, but the difference 
is of about the same order as the difference between B-ck and 
W-n in Tables XXXII and X XXIII. 

It should be noted in connection with Table XXXII that 
B-ck had a higher level of circulating uric acid, 4.6 mg., 21 hours 
after the injection than he had at the end of 6 hours, 3.6 mg. 
This would seem to indicate that the release of the uric acid 
stored up in the kidney comes much later in man than in dogs, 
as should be the case, since the total removal by excretion plus 
destruction is so much slower in man than in the dog. 

The results shown in Table XXXV are the outcome of our 
endeavor to increase by heavy feeding with normal purine-rich 
food the store of uric acid in the body before injecting the uric 
acid. This preliminary object, as we see, was not attained, at 
least so far as can be seen from the uric acid level in the plasma. 
The exogenous daily uric acid output rose from nothing to about 
700 mg., but the plasma level rose only to 5.4 mg. The ac- 
companying high protein content of the food has been, almost 
certainly, a factor in promoting the elimination of the heavy 
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load of exogenous uric acid. The effects of the superimposed 
uric acid injection are nearly identical with those obtained from 
the same subject on the high nitrogen, but purine-free diet, the 
only difference being that about 10 per cent more uric acid was 
recovered on the high purine diet. 

The twelve experiments with normal subjects recorded in this 
section show conclusively that destruction of uric acid does occur 
within the human organism. This fact probably would have 
been established long ago if the problem had not become ob- 
secured by a premature acceptance of the theory that destruction 
of uric acid within the animal organism is confined to its trans- 
formation into allantoin. It is easy enough to understand how 
that theory came to escape adequate critical study. It explained 
at once both the origin of allantoin and the occurrence or absence 
of uric acid, and thus seemed to fit all the known facts. It is 
certainly a remarkable coincidence that human urine should be 
the only mammalian urine (except perhaps that of the ape) 
which contains no allantoin and that human blood should con- 
tain from ten to twenty times as much uric acid as the blood of 
other mammals (except the sea lion, Swain). 

The allantoin problem does not come within the scope of our 
investigation; but we must attempt to formulate some explana- 
tion of the truly characteristic high uric acid contents of human 
blood. 

It is certain that the high levels of circulating uric acid in man 
could not occur if the oxidation processes for uric acid were as 
highly developed in man as they are, for example, in the goat. 
A relatively slow oxidation must be accepted as an established 
fact. The difference in this respect between man and the goat 
though not very large, is certainly very much smaller than the differ- 
ence between the goat and the dog; but that difference must 
be large enough to permit the continuance in human blood of 
the uric acid concentrations actually found there. 

A far more important difference between man.and the other 
mammals we believe to be represented in their different capacities 
to excrete uric acid. It is solely because of man’s inferior power 
of excretion that* human blood contains almost as much uric 
acid as the blood of birds. The power of the human kidney to 
excrete uric acid is of an inferior order and is also subject to 
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great variations. Our most efficient normal subject (B-ck, 
Table XXXII) fell unmistakably behind the one Dalmatian dog 
available for investigation and fell far behind the goat (page 407), 
Quite aside from conclusions based on injection experiments we 
might refer to the enormous excretion of “endogenous” uric acid 
by the Dalmatian dog—this excretion was three times as great 
in proportion to body weight as is obtainable from normal men, 
yet the uric acid in the plasma remained at the ordinary low levels 
of 0.1 to 0.3 mg. For one reason or another the human kidney 
has become vastly inferior to the kidneys of the four footed ani- 
mals in relation to the excretion of uric acid. 

At present, it is scarcely possible to go much beyond this bare 
statement of facts. In relation to uric acid the kidney function 
may be divided into two separate processes, preliminary absorp- 
tion and subsequent excretion. The inefficiency of the human 
kidney, therefore, can be a lack of sensitiveness in either process. 
To us it seems rather more reasonable to assume that the re- 
sponsible factor is lack of sensitiveness on the part of the uric 
acid-absorbing power. Different degrees of sensitiveness on the 
part of this kidney function would explain admirably why there 
is no relationship normally between the concentrations of cir- 
culating uric acid and urea, or between the uric acid concentra- 
tion and the speed of elimination. The responsiveness is dif- 
ferent in different persons and that is why each individual tends 
to carry his own level of circulating uric acid, quite independ- 
ently of whether he destroys much or little. The apparent 
specificity in uric acid retentions thus would seem to be best ex- 
plained on the basis of the demonstrably specific uric acid-absorbing 
power of kidney tissue. If this absorbing process were sufficiently 
responsive to very low concentrations of passing uric acid no 
accumulations could occur, except in advanced nephritis, because 
the increasing accumulations in the kidneys would eventually 
compel excretion. 

From analyses of nephritic bloods we know that the blood 
uric acid can rise to something like 20 or 25 mg. At these highest 
levels the uric acid destruction is probably just about equal to 
the production. The corresponding value in the goat, after 
double nephrectomy, becomes stationary at above 1.2 mg. per 
100 cc. of plasma. In dogs, and presumably in other carnivorous 
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animals, there is no uric acid accumulation following doyble;ggan* 
nephrectomy. In birds, as we have seen, ligating the ureters 

raises the circulating uric acid to from 200 to 400 mg. Birds die 
before their non-protein nitrogen has risen above 200 mg., man 

at 300 to 350 mg., while dogs and goats live until levels of about 

600 mg. have been attained. 

We permit ourselves here to make a few additional remarks 
concerning the destruction of uric acid. There is no reason to 
doubt that this destruction is produced by oxidation. Further, 
if our conclusion is correct, that in the dog this oxidation takes 
place in the blood, one cannot reasonably assume that the oxida- 
tion in man or in other animals takes place elsewhere than in the 
blood. Corresponding to, and responsible for, this oxidation, 
some oxidizing agent or some condition producing active oxygen 
must be available, just as something of the same sort must be 
postulated for the oxidations in tissues of ordinary food materials. 
The strange point is only the long discredited idea that any such 
oxidations may take place in the blood. The fact that this un- 
known oxidizing mechanism should be so much more abundant 
or effective in the blood of the dog than in the blood of man (or 
the goat) is, of course, decidedly disconcerting. 

While recognizing this difficulty, we cannot get away from the 
fact that it is just in the dog, in which the oxidation is so rapid, 
that we have been compelled to ascribe it to the blood. It may 
well be that other instances of more effective oxidations in the 
dog than in man will be found. The oxidations of acetone bodies 
in diabetic dogs may be referred to in this connection. Also 
it must not be forgotten that the mechanism of oxidation within 
the animal body is still unknown. 

If the uric acid is really oxidized in the blood one must neces- 
sarily wonder about the nature of the process and particularly 
whether any other oxidations occur in the same place. It is 
possible that the oxidation is produced through the agency of 
some specific enzyme though we have failed to find any evidence 
pointing in that direction. On the other hand, one must not 
entirely overlook the possibility of less specific and more or less 
unregulated oxidations. Many organic substances to which the 
animal organism has never had a chance to adapt itself are oxi- 
dized in whole or in part. To what extent such foreign materials 
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reach the living cells of tissues may be considered an open ques- 
tion. So far as we can see it is by no means excluded that the 
oxidations of such substances, like that of uric acid, take place 
in the blood. We recognize that the assumption of unregulated 
oxidations is open to the objection that ordinary food materials 
would be exposed to the same conditions during their passage 
through the blood. But we are not sure whether this is or is not 
a weighty objection. From the specific dynamic action of foods, 
it would appear that the influx of food is, in fact, accompanied 
by mysterious increases of oxidations. These extra oxidations 
may be considered as unregulated, at least in the sense that they 
depend on the intake rather than on any recognizable body need. 
In this respect they resemble the oxidation of uric acid, the speed 
of which, in any one animal, depends primarily on the circulating 
concentration. 


VI. 


In our historical review we omitted the literature on gout. 
It seems necessary to make here a few observations on the 
modern literature on this subject; especially since most of the 
prominent writers on gout rather recently have expressed their 
revised views. 


Schittenhelm* is seemingly the only one whose views on gout still include 
the assumption that there is destruction of uric acidin man. He is rather 
vague as to the réle of this destruction in gout. He seems to have aban- 
doned the older view of Brugsch and Schittenhelm that there is a general 
retardation, in gout, of all the intermediary steps in the metabolism of the 
purines. The most important feature in the modern German theories of 
gout is that the general tissues have an especial affinity for uric acid. 
Injected uric acid is actively absorbed by these tissues. Gudzent®? pictures 
the process as a case of real uric acid fixation to which he has given the name 
‘“‘Uratohistechie.’? This theory of Gudzent’s is more or less the same as 
the historetention theory whereby Umber’® tried earlier to explain the 
chief cause of trouble in the gouty. These views of active tissue fixation 
ignore the high levels of circulating uric acid in gout. 

The Brugsch-Schittenhelm theory has been abandoned because of the 
work of Thannhauser and his coworkers. Thannhauser and Czoniczer™ 





68 Schittenhelm, A., and Harpuder, K., Z. ges. exp. Med., 1922, xxvii, 43. 

69 Gudzent, F., Berl. klin. Woch., 1921, lviii, 1401. 

70 Umber, F., Deutsch. med. Woch., 1921, xlvii, 216, 245. 

71 Thannhauser, 8. J., and Czoniczer, G., Z. physiol. Chem., 1920, ex, 307; 
Deutsch. Arch. klin. Med., 1921, exxxv, 224. 
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have determined not only the uric acid, but have also ‘“‘determined’’ com- 
bined purines (nucleotides) in blood serum. The ‘‘normal’’ nucleotide 
values obtained from the serum of gouty blood are interpreted as proving 
that the Brugsch-Schittenhelm theory of retarded purine metabolism can- 
not be correct. It must be admitted that this evidence against the Brugsch- 
Schittenhelm theory is as obscure as was the theory itself. From Jack- 
son’s’? careful work it would appear that the nucleotides of blood are lo- 
cated in the blood cells and not in the plasma—an important difference from 
the standpoint of interpretation. Benedict’s’ combined uric acid is also 
confined to the blood cells. Having proved to his own satisfaction that 
uric acid is the only purine present in abnormal amounts in the blood serum 
of the gouty, Thannhauser goes right back to Garrod for his interpretation 
of gout. ‘Gout is a constitutional, often inherited, inferiority of the kid- 
ney to excrete uric acid, an inferiority which does not extend to the excre- 
tion of other waste products’’—a very familiar point of view. 


The facts and points of view presented in the preceding sec- 
tions must necessarily serve as a starting point for study of the 
uric acid metabolism in gout. Abnormally high levels of cir- 
culating uric acid are more frequent in this disease than are 
demonstrable urate deposits. But those high levels can no 
longer signify that the whole organism is loaded with uric acid. 
The general tissues of the gouty should contain very little if 
any more uric acid than the tissues of normal persons. On the 
other hand, it is impossible to get away from the fact that urate 
deposits do occur in many persons who have gout. These de- 
posits occur only on cartilages, in certain bone tissues and some 
connective tissues—in which the circulation is usually very poor. 

This remarkable distribution of urate deposits can scarcely 
be due to anything else than that the tissues involved differ from 
the general tissues in their permeability to uric acid. Granted 
permeability, and the diffusion of uric acid, however slow, would 
produce urate concentrations equal to those of the plasma. If 
these concentrations exceed the solubility, precipitation can take 
place; without saturation, precipitation is impossible. Low 
temperatures would lower the solubility, and deposits are never 
found except in localities that are rather poorly protected against 
cold.{ Whether the diffusion of urates into the tissues where 
deposits occur is a normal phenomenon or a consequence of an 


7 Jackson, H., Jr., J. Biol. Chem., 1923, lvii, 121. 
7 Benedict, S. R., J. Biol. Chem., 1915, xx, 633. Davis, A. R., Newton, 
E. B., and Benedict, 8. R., J. Biol. Chem., 1922, liv, 595. 
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alteration in the tissues of the gouty is an important question. To 
solve this question it is necessary to determine whether the uric 
acid content of normal and gouty joint fluids exhibit only the 
same quantitative differences as are found in the corresponding 
blood plasmas—or whether the differences are virtually quali- 
tative, in the sense that gouty joint fluids contain much uric acid 
and the normal, none. 

The fluids obtained from inflamed and swollen joints of the 
routy probably always contain substantially the same uric acid 
concentrations as the blood plasma. A striking illustration of 
this point was obtained from one patient, Gl-y, Table XLVI. 
This patient was having an acute attack while under investiga- 
tion. From two preliminary blood samples we had obtained 
uric acid values (plasma) of 8.6 and 8 mg. The day before the 
injection we removed the fluid from the left knee; its uric acid 
concentration was 8.9 mg. The next day, 5 hours after the uric 
acid injection, the knee was again punctured. The fluid now 
contained 14.8 mg. of uric acid while the plasma, taken at the 
same time, contained 16 mg. These joint fluids, however, con- 
tained about 5 per cent of albumin, as well as some fibrinogen; 
the finding of uric acid in such fluids proves nothing concerning 
the diffusion of urates into joints which are not subject to the 
infiltration of blood proteins. 

This research represents in no sense an endeavor to explain 
the complex factors which go to produce the acute attacks of the 
gouty; nor have we considered the tophi, except in connection 
with the diagnosis. Urate deposits must be secondary to, and 
an ultimate consequence of, the high levels of circulating uric 
acid. Our study is confined, in the main, to an elucidation of 
the significance and immediate consequences of the high uric acid 
in the blood of the gouty. 


Clinical Data on Gouty Subjects of Experiments XXXVI to XLVI. 


Medical No. 21061, P.B.B.H., (Tables XXXVI and XXXVII).—Mr. 
G. Th. K-z; age 38 years; weight 81 kilos. Diagnosis: gout. For the last 
10 years has had, about twice a year, acute gout attacks of 2 to 3 months 
duration. These involved originally only the great toe, but later became 
polyarthritic in distribution. Tophi in left ear. Roentgen examination: 
arthritic changes approaching those characteristic of gout. Urine: occa- 
sionally had very slight trace of albumin and a few hyaline casts. 
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Medical No. 22896, P.B.B.H., (Table XXX VIII).—Mr. J. J. B-th; age 
48 years; weight 50 kilos. Diagnosis: gout. For 9 years has had periodic 
attacks of 3 to 4 weeks duration. Early attacks in left great toe; later 
attacks, polyarthritic, with swelling and pain in the joints. Tophi in ear. 
Roentgen examination: arthritic changes not characteristic. Urine: no 
albumin when admitted. 

Medical No. 23231, P.B.B.H., (Table XXXIX).—Mr. J. Br-k; age 53 
years; weight 72 kilos. Diagnosis: gout. For 12 years has had recurrent 
attacks in great toes and ankles. The last attack just previous to admis- 
sion had lasted 10 weeks. This was his fourth severe attack. No tophi. 
Roentgen examination: slight, and not characteristic, arthritic changes. 
Urine: normal. 

Medical No. 23038, P.B.B.H., (Table XL).—NMr. J. F. G-er; age 70 years; 
weight 50 kilos. Diagnosis: gout. For 10 years has had typical gout 
attacks in great toe joints of both feet. These attacks would begin in the 
morning and lasted only about 2 hours. Roentgen examination: multiple 
arithritic changes combined with punched out areas characteristic of gout. 
Ears studded with tophi. Urine: normal. Moderate hypertension. 

Medical No. 23179, P.B.B.H., (Table XLI)—Mr. J. S-ds; age 68 years; 
weight 70 kilos. Diagnosis: gout. First attack 27 years ago—in both feet. 
10 years ago other joints became involved. A few tophi in both ears. 
Roentgen examination: a lesion in great toe suggestive of gout. Urine: 
trace of albumin and some finely granular casts. Hypertension; chronic 
myocarditis. 

Medical No. 21380, P.B.B.H., (Table XLII).—Mr. Ch. E. B-1; age 41 
years; weight 98 kilos. Diagnosis: gout. 3 months ago had acute attack 
in left great toe. This attack lasted 10 days. Right great toe was tender. 
Tophi in both ears. Roentgen examination: slight arthritic changes—not 
definitely characteristic for gout. 

Medical No. 22874, P.B.B.H., (Table X LIIT).—Mr. F. M-th; age 52 years; 
weight 64 kilos. Diagnosis: gout. First attack 10 years before, in great 
toe; lasted several days. Later attacks extended to other joints. Tophi 
in both ears. Roentgen examination: arthritic changes of uncertain 
character. The fluidfromleft knee contained 3,680 white cells per c.mm.— 
mostly polynuclear. 

Dr. S-n, private case, (Table XLIV).—Age 29 years; weight 87 kilos. 
Diagnosis: gout. 1} years ago had typical podagra in right great toe. This 
attack began during the night; it lasted 2weeks. Typical swelling, redness 
and soreness. During next 3 months had two other similar attacks. No 
tophi. Urine: no albumin or casts. 

Medical No. 23189, P.B.B.H., (Table XLVI).—Mr. W. J. Gl-y; age 56 
years; weight 97 kilos. Diagnosis: gout. Had first attack 3 years ago in 
right great toe. Somewhat later other joints became involved. Admitted 
3 weeks after the beginning of an acute attack. One tophus in right ear. 
Roentgen examination: nothing indicative of gout. Additional diagnosis: 
chronic myocarditis; auricular fibrillation. 
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Our studies with normal persons have shown that the recovery 
of injected uric acid is different in different individuals and that 
these variations are due to independent variations in the two 
factors concerned, namely the speed of destruction and the 
speed of elimination. Both of these factors might be subject to 
deviations from the normal in the gouty, and just as it took many 
normal subjects to reveal the normal variations, so it is absolutely 
necessary to try to cover the range of variations exhibited by the 
gouty. It might be pointed out at once that if a normal and 
a gouty subject had exactly the same power to destroy uric acid, 
the actual result would be greater destruction in the gouty individ- 
ual, because of his higher levels of circulating uric acid accessible 
to destruction. The new concept of increased destruction of uric 
acid in the gouty thus formulated can manifestly serve to explain 
the diminished excretions which have been so often reported in 
the literature on gout. If the uric acid excretion were always low 
in all gouty persons their anomalous excretions would thus be 
clear enough; but the uric acid excretions are not always sub- 
normal, on the contrary, abnormally high uric acid excretions 
are also encountered. 

In Table XXXVI are shown the results obtained from K-z, 
after the injection of 1,100 mg. of uric acid. We were at first 
afraid of giving gouty subjects as much uric acid per kilo of body 
weight as had been given to our normal persons, and in this 
case the dose was only about 14 mg. per kilo. The total recovery 
in the urine, 166 mg.—15 per cent—came out during the first 
24 hour period. The level of the circulating uric acid rose from 
10.7 to 18 mg., and at the end of 24 hours was 13.6 mg. The 
blood figures clearly indicate that the distribution of the injected 
uric acid, in this case of gout, has not been materially different 
from the distribution found in normal subjects. The extremely 
low excretion signifies, therefore, excessive destruction. There 
need be nothing abnormal about that destruction, since it can be 
a direct consequence of the high levels in the blood. 

The subject, K-z, was used for a second injection experiment. 

In Table XX XVII, representing a high protein diet, we see that 
substantially twice as much uric acid has been recovered as in 
Experiment XXXVI. The high protein diet has clearly had the 
same sort of effect on this gouty subject as on the normal in- 











TABLE XXXVI. 


_ 
LT) 
* 


O. Folin, H. Berglund, and C. Derick 















































OF 69€ 0F6 1&3 2 It vr 
*qu0o sod gt* **[830], Le £98 OT ‘T &T 
0'F cce OIF ‘T ¥'&% 9°&T aT 
*gueo sod GT “Bur ggT e'F 91g ose ‘T 
:peI9AO0IGl ploe 91) LI Is ‘u's 0O'L 
ve LE » OS'F 
22 L&I » LOY 
| GL o¥2 » 08% 
v & £ bl » O1Z 
6% 0°81 ud 6%°1 
*A[SNOUSABIZUL Plo’ O1IN “Zur OOT‘T urd 6I-9I'T 
91 Ze 6° FZ L 01 ‘urd ¢T'T 
13 
8h L¥E 022 ‘T oT 
‘Bu LY Lge 086 6 
OSE plow’ d1uN snousZopus oFvi9Ay z's 09g 086 g 
vv rate 09 L 
e's ¥8E 086 9 
“ub “Ou “Ou "99 "29 “Ou “Ou 
“SIU " 49 “Sit " 
oaies . *qoIp *s1y $Z 10d ee — . ee a i eS peg "09 0OT 10d “E761 ‘ABW 
19}01d MO] 901j-oUlINd & UO Z AB a0UIg N [#201 prov oun ‘QUINOA -uoN ple ou 
“SyIBUlEY oul) *SUIse,g “aully, 




















‘nod :s1souswIG: ("TIAXXX a1qeL qe aandui0d) ‘2-y potqng 


"NOH UL pwYy 24/9 fo uoyonssag 1a) 42g Og 40aQ buimnoyyg 
‘IAXXX WIV 





Weoeaa 





























L- 4 > 4 aon “3aa38 > ar as s 
SBaeanas sane 2aahone ase hBae Beene ev asa r GF as 
a TT 
6 IT COP | Oz8 ‘T 9% 
» » BB" 18,0], OIL | OOF 008 ‘T | ¥ 
» » » 88 Tit | OOF | OLLI sie | or | £&% 
*ya90 Jed $Z “Bur ggz PI sso | 912% 

Pe8AOIOI Plow 911/) | or | £9 | “ure 00'Z 
| GF | 6I » IP 
| | 90 | Om | » G6'b 

= | is | £0z | ‘urd 00°Z 
rs | 9'ee La | » LPI 
lo) £6 | & » LE Il 
a | | | 3 be PI "Ure OF OT 
o *A[SNOMAABIYUI plow olin “Zur QoT‘T | | | ‘Ul’ $Z-1Z' OL 
‘3 | & | € 8° | 0'8 “Urs ST Ol 
< | | | | &% 
2 ~—_ | ret | On | | 029'T | 1% 
a cI | ¢se | OSb ‘T | 02 
be > } | | 
— GLE plo’ on snousZopue eFe1vAy a“ U'Zi ece | | ooe't | | 6I 
Ss ao “mp a ‘Ou | “Om "92 | ‘90 ‘Ou “Ou 

~ ———--—_-___ |—— —— - | ———— | ————_—__—— ——- -— | ——_—____ 
™ "yo1p "say ¥% 40d | nl ai ‘ay ema | 24 Sd | :99 001 20d | | “99 QoL aad | 

Uyojord YystYy 9e2j-ouLINd v UO gf ALY CoUNg N [@0], ‘ppeeun | omens a | plow op 8261 ‘Av 
SyIVUIOYy eung “*BUISE ounly, 7 
“4nod : s1souseiq *SO[TY 18 1y310m ‘sivak ge od wy “Z-y¥ yootqng i ae 

_ “‘PwWY 21479 fo uoumnsjsaq pidoy buinoysy 
Yon) “MWAXXX WIAVL 
ba 









YIIM 
















* 
® Lr 


* 
4 
wr % 
« 


‘ 3 yun 12 182 
QO. Folin, H. Berglund, and C. Deri ¥ 453 

+ 
dividuals. But the total elimination remains extrembly{frast* 
something like 70 per cent of the injected uric acid has disap- 
peared and by far the greater part of this must have been de- 
stroyed. It is interesting to note that in the preliminary period 
the high protein diet has also increased the level of endogenous 
uric acid excretion, from 350 mg., on the low protein diet, to 
372 mg., and has lowered the level of the circulating uric acid 
from 10.7 to 8 mg. 

The next gouty subject, B-th, Table XXXVIII, received 
substantially as much uric acid per kilo as our normal men; he 
suffered no discomfort. Here, as in the preceding two experi- 
ments, there can be little room for doubt about the significance 
of the analytical results. Of the 1,200 mg. injected, 253 mg., 
21 per cent, came out the Ist day, and there is no justification 
for assuming that the subsequent urines contained any of the 
administered uric acid. The circulating uric acid remained high 
for several days, 10.5 mg., as against 7 mg. before the injection, 
but the gouty kidney is even less sensitive to unmistakable changes 
in the levels of circulating uric acid than are the kidneys of 
normal persons. 

The gouty person, Br-k, Table XXXIX, served as subject 
shortly after an attack which had lasted for several weeks. He 
received 1,400 mg. of uric acid, and responded with an excretion 
of 165 mg., 12 per cent, during the Ist day. In the table we 
have assigned further recoveries of 2 and 3 per cent for the 2nd 
and 3rd days. We have done so mostly on the basis of the fact 
that the uric acid in the plasma was still distinctly high, 4.5 mg. 
above the preliminary level, at the end of 24hours. Unresponsive 
as all gouty kidneys ‘are to changing levels of circulating uric 
acid, an increase of 4.5 mg. should have had some effect. It is 
impossible in the cases of many of the gouty to determine what 
value to take for the endogenous excretion, because it is much 
more variable than in normal individuals. 

From the points of view developed in connection. with our ex- 
periments with normal persons, the results obtained from the 
three gouty subjects of Tables XXXVI to XXXIX seem to us 
perfectly clear. These subjects all had a rather high speed of 
uric acid destruction, but probably not as high a speed as that 
of B-n, Table XX VII. Except for the condition of their kidneys, 
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by virtue of which they were compelled to carry high levels of 
uric acid, they would undoubtedly have excreted at least as much 
(probably more) of the injected uric acid as did B-n. But be- 
cause of those high levels, the actual destruction is greater. 

For the two subjects, G-er, Table XL, and S-ds, Table XLI, 
we have given the recoveries of administered uric acid as 37.5 
and 40.9 per cent, respectively. These figures are, in a measure, 
arbitrary, because here, as in the preceding cases, the endogenous 
excretion was so uncertain. It is clear, however, that these two 
subjects also illustrate our point that the gouty tend to destroy 
more, and to excrete less uric acid than normal persons. While 
these two have in fact excreted more uric acid than did B-n, 
Table XXVII, this is because their speed of uric acid destruc- 
tion is intrinsically of a much lower order, a fact indicated by 
the longer period (3 days) during which extra uric acid came out. 

B-l, Table XLII, was one of our first gouty subjects and re- 
ceived only 10 mg. per kilo. The results obtained are worth 
recording, because they show so clearly that in the gouty, as in 
normal persons, a large part of the injected uric acid lingers in 
the blood stream until excreted or destroyed. The uric acid 
level was 7.4 mg. before the injection and 9.6 mg. 24 hours iater. 
It is impossible to say how much was excreted and how much 
destroyed. We give the recovery of the lst day as 28 per cent, 
but on the same basis of calculation the 3rd day should corre- 
spond to another recovery of 25 per cent. This might possibly 
be interpreted as the so called delayed excretion in gout, but we 
have no faith in the concept of delayed excretion, for we do not 
believe that the injected uric acid has found any unusual res- 
ervoir or hiding place in this subject. The uric acid excretion 
on-the 3rd day, 506 mg., is distinctly less than the normal 
endogenous excretion for a person weighing 98 kilos. 

The subject, M-th, Table XLIII, received practically the full 20 
mg. of uric acid per kilo, yet in this case also it is impossible to try to 
calculate any values corresponding to recovery of administered 
uric acid. On the day of injection (1,180 mg.), the total uric 
acid excretion was only 560 mg. This was followed by 785, 
675, and 700 mg., for the following 3 days. Again “delayed 
excretion” in the sense of earlier investigators. Considerable 
fever, 102°F., but no joint pains developed in this subject during 
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the night following the injection and lasted for 2 days. This 
fever must be considered as partly responsible for the increased 
uric acid excretion, and it is to be noted that on the morning of 
the 4th day, the plasma uric acid was 11.4 mg., whereas 6 hours 
after the injection it was 11.1 mg. The excessive excretion has 
therefore produced no sign of diminution in the circulating 
supply of uric acid. 

It is easy to see how results such as those recorded in Table 
XLIII have led earlier writers to postulate gradual retention of 
uric acid during periods of no attacks, followed by elimination of 
the “stored” uric acid during and following attacks. As it hap- 
pens, this patient, M-th, was treated with atophan for 3 days 
up to a short time (3 days) before the injection of uric acid, and 
in fact had not quite regained his usual level of circulating uric 
acid on the morning of the injection, so that, instead of carrying 
unusual amounts of “stored” uric acid, he probably had less 
than his usual amount. We conclude, therefore, that in this 
subject the fever inaugurated a change in some of the variable 
factors which determine the excretion of endogenous uric acid 
destruction or speed of excretion. Since the uric acid was rising 
instead of falling in the blood plasma, it seems reasonable to 
conclude that it was the uric acid-destroying process which 
receded. The fever may also have been responsible for some 
extra production of uric acid, but there was no increase in the 
creatinine excretion. 

The remarkable change of level of uric acid excretion shown 
by M-th, Table XLIII, indicates that excessive (supernormal) 
excretion may indeed occur in gouty individuals, as has been 
found by previous observers. In ascribing such supernormal 
excretion to some other change than that of merely removing 
previously stored uric acid we have had in mind the unusual 
figures shown in Table XLIV. 

Dr. S-n, the subject of this experiment, had not had an attack 
for nearly a year, and had none when examined, or since (3 months 
ago). His average endogenous uric acid ~xcretion on a purine- 
free, low protein diet was 958 mg. Tk. average normal excretion 


. is about 7 mg. per kilo, and the excretion for S-n should have 


been about 600 mg. On a high protein, purine-free diet (eggs 
and cheese, etc.), Dr. S-n had an average endogenous uric acid 
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excretion of 1,170 mg. It is certain that this gouty person regu- 
larly and continuously was excreting in the neighborhood of 
1 gm. of endogenous uric acid per day. How much he produced 
or destroyed is, of course, impossible to say, but we are quite 
positive that his excretion did not represent previously stored 
uric acid. He had no tophi. 

Dr. S-n weighed 87 kilos, and received intravenously 1,800 mg. 
of uric acid. The uric acid level in the plasma rose from 9.8 to 
24.6 mg., a rise practically identical with the increases obtained 
from D-k and B-d, our first two normal subjects. No less than 
70.4 per cent of the injected uric acid was eliminated during the 
first 21 hours. The total recovery amounted to 93.5 per cent, 
and might have been even greater, since there is room for choice 
as to the real average endogenous value. These figures indicate 
a speed of excretion at least equal to the best obtained from 
our normal subjects. They also indicate a lower intrinsic rate 
of uric acid destruction than that obtained in any normal subject. 
In making this statement we refer not only to the total recovery, 
but also to the high uric acid levels in the plasma—so different 
from those of H-w-d, Table XXVI, and also to the excessive 
endogenous uric acid. 

It need scarcely be mentioned that in ascribing a subnormal 
speed of uric acid destruction to Dr. S-n, we are in no sense sup- 
porting the view of earlier writers that diminished destruction of 
uric acid is a general characteristic of the gouty. On the con- 
trary, increased destruction is the predominant and practically 
inevitable characteristic. Diminished destruction goes only with 
increased elimination, which is exceptional, while the much 
more common subnormal excretions signify increased destruction, 

In Table XLV are given the average endogenous uric acid 
excretions obtained from our different normal and gouty 
subjects. From the data given in this table it will be seen that 
only a single one of our nine gouty subjects has given normal 
values for the endogenous uric acid excretion. ‘The normal 
values vary between 6.8 and 8.1 mg. per day and per kilo of 
body weight. Six of the gouty have given corresponding values 
of from 3.6 to 7.0 mg., and the other three have varied between 
9.1and 11mg. The variations found in normal subjects are thus 
very small in comparison with the variations occurring among 
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the gouty. The differences among normal persons, as well as 
daily variations in any one individual, can be best explained 
just as we have explained the different excretions of injected 
uric acid, namely on the basis of normal variations in the speed 
of excretion and the speed of destruction—the last named proe- 
ess being more or less modified by the level of uric acid circu- 
lating in the plasma. 


TABLE XLV. 
Showing Abnormal Excretions of Endogenous Uric Acid in Gout. Purine- 
Free Low Protein Diet. 




















Uric acid. 
Subject. Table. Weight. Daily Remarks 
Average daily | excretion per 
excretion. kilo of body 
weight. 
kg. mg. mg. 

H. B-d. | XXIV 88 605 | 6.29 Normal. 
D-k. 1 AXXV 67 461 7.0 ™ 
H-w-d. XXVI 62 504 8.1 vas 
B-n. XXVII 70 489 7.2 ™ 
W-n. XXVIII 62 425 6.8 - 
B-ck. XXIX 7 570 7.2 _ 
K-z. XXXVI 81 350 4.3 Gout 
B-th. XXXVIII 50 352 70 | « 
Br-k. XXXIX 70 355 5.1 
G-er. XL | 50 244 49 | « 
S-ds. XLI 70 425 ae mc. 
B-l. XLII | 98 366 3.6 ” 
M-th. XLII | 64 687 10.8 | + 
S-n XLIV 7 958 7 a i. 
Gl-y. XLVI 97 889 9.1 = 

















To us it seems premature and unprofitable to try to explain 
the abnormal variations among the gouty except on the basis of 
abnormal deviations in these two known variables—speed of 
excretion and speed of destruction. It must be recognized, of 
course, that in explaining the abnormally high uric acid excre- 
tions in gout, on the basis of diminished destruction, we are 
compelled to assume that the endogenous uric acid production 
in man is much greater than is indicated by normal uric acid 
excretions, but this seems to us a more probable assumption than 
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the only other available alternative, namely abnormal prod 
tion of uric acid in some gouty subjects. 

Theoretically one cannot definitely exclude the occurrence 
some synthesis of uric acid in mammals, as was intimated I 
connection with the enormous uric acid excretions encountered 
in the Dalmatian dog, Table XVII. If such synthesis ever 
does occur, it represents probably a rare and relatively slight 
reversion to an older type of metabolism. The present state 
of knowledge does not warrant the introduction of this concept 
as a feature of the uric acid metabolism in gout. 

The concept of possible uric acid synthesis, in so far as it is 
ever revived, must necessarily involve renewed studies of the 
allantoin problem, for it is by no means excluded that the al- 
lantoin excretion of present day mammals (absent in man) may 
in fact represent unfinished synthesis of uric acid, more than it 
represents destruction of endogenous uric acid. 

The outstanding feature in gout is the high level of circulating 
uric acid. Of about fifteen cases examined, only one failed to 
show abnormally high values. [That subject was under treat- 
ment for syphilis and was not available for detailed investigation. 
He was running a constant fever (100-101°F. in the afternoon) 
of unrevealed origin.] This general characteristic of gout must 
surely be interpreted as due to a pathological deterioration of a 
process which normally functions much less effectively in man 
than in other mammals, namely the power to excrete uric acid. 
But from our experiments with animals it has become reasonably 
certain that the function of the kidneys, at least in relation to 
uric acid, is made up of two more or less distinct and different 
processes—preliminary absorption and concentration within the 
kidneys, followed by the second process—excretion. The ab- 
normal inferiority of the gouty kidney, therefore, can be either 
an inferior power to excrete uric acid which has accumulated in 
the kidneys, or it can be an abnormal lack of responsiveness to 
the levels of circulating uric acid, on the part of the uric acid- 
absorbing power. We believe that it is the latter function which 
is poor in man and abnormally poor in the gouty. In this con- 
nection we would refer to the behavior of Dr. S-n, Table XLIV. 
The speed of uric acid excretion exhibited by this subject was 
equal to that of the very best found among our normal subjects, 
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but that rapid excretion occurred on the basis of a very high 
level of circulating uric acid. If the uric acid-absorbing process 
of Dr. S-n’s kidneys had not been subnormal, their excellent power 
to excrete uric acid should have been quite capable of main- 
taining a normal level in the plasma. 

Gl-y, Table XLVI, our last subject, exhibited almost the same 
degree of high endogenous uric acid excretion as Dr. S-n, and 
in this case we expected to obtain from the uric acid injection 
about the same rapid excretion and high recovery. The reason 
why we did not obtain this result is, however, quite clear. The 
injection of about 20 mg. of uric acid per kilo in this case had 
substantially the same effect as we have often obtained from 
injections of larger quantities (100 mg.) in dogs, and also in goats. 
The patient had had some fever while the attack was acute and 
his non-protein nitrogen had risen from 30.3 to 46.8 mg. during 
the 5 days intervening between the taking of the two preliminary 
bloods. The rapid and excessive increase in the non-protein 
nitrogen after the uric acid injection is, however, of an entirely 
different order. The non-protein nitrogen rose in 2 hours to 
70.8 mg. and the peak was reached 2 days later, at 87.6 mg. 
There can be no doubt about the fact that the kidneys in this 
case became overcharged with uric acid and almost lost the 
power to excrete anything. The subject was kept for a long 
time and his non-protein nitrogen gradually returned to the 
original normal level. In our first gout subject, K-z, Table 
XXXVII, we obtained a transient rise of the non-protein nitrogen 
from 34.8 to 60.6 mg., but in that case complete restoration of 
the circulating nitrogen level was restored within 24 hours. We 
have obtained no similar result from any normal subject. 

Much has been written from a clinical point of view about the 
frequent development of a more general nephritic involvement 
among gouty subjects. In the course of our study of gout, we 
have observed and produced small, but unmistakably abnormal, 
levels and increases in the non-protein nitrogen on so many 0c- 
casions (by means of high protein diets) as to compel the con- 
clusion that the kidneys in the gouty are nearly always inferior 
to the kidneys of normal persons. This weakness is probably 
not a late and secondary development, but rather an accom- 
paniment of the deterioration responsible for the high uric acid 


TABLE XLVI. 


ndogenous Uric Acid and Yet No Recovery of Injected Uric Acid 





—Because of Temporary Injury to Kidney. 


7 
i 


Showing Excessive 


Diagnosis: gout. 


Age 56 years; weight 97 kilos. 


Subject Mr. Gl-y. 





Remarks. 


Urine. 


Plasma. 


Time. 
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levels. This condition limits in a measure the merit of high 
protein diets as a means of reducing the level of circulating uric 
acid in gouty individuals. The effect of such diets certainly 
should be always checked up by means of occasional determina- 
tions of the non-protein nitrogen as well as the uric acid. 

In no case has the urate injection produced or aggravated the 
gouty attacks. 


VII. 
RESUME. 


1. When uric acid is injected into the blood stream of animals 
(dogs, cats, rabbits, goats), the kidneys immediately take up 
very much uric acid. The kidneys at the same time become 
edematous and greatly enlarged. Up to fully 0.2 per cent of 
uric acid may be temporarily stored in the kidneys. 

2. The uric acid which cannot find lodgement in the kidneys 
remains to a large extent in the circulating blood until it is de- 
stroyed; in other words, all the other tissues seem to be more 
or less completely impermeable to soluble urates. 

3. The specialized uric acid-absorbing power of the kidney 
involves the whole organ and (in the dog) does not represent 
merely arrested excretion, since only an insignificant fraction 
is excreted. In this animal (rapid destruction), the rest goes 
back into the blood as soon as the uric acid in the blood has sunk 
to sufficiently low levels. 

The excretory function of the kidney may be temporarily 
diminished up to full inhibition as a consequence of the injurious 
effect of the uric acid (tubular injury); the kidney in such a case 
(in the goat—slow destruction) remaining loaded with uric acid 
for hours, even after the blood level has become quite low. 

4, The destruction of uric acid in the dog, and presumably in 
all other animals, seems to take place within the circulating blood, 
though it is possible that some is destroyed in the kidneys. This 
conclusion is based partly on the fact that the uric acid cannot 
enter the other tissues and organs, including the liver, and partly 
on the fact that no demonstrable disappearance of uric acid is 
due merely to the passage of the blood through tissues. 

5. The destruction of uric acid within the circulating blood 
proceeds with extreme velocity during and immediately after 
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an injection (100 mg. per kilo), but soon slows down to a meas- 
urable speed, and the speed continues to diminish as the con- 
centration of the circulating uric acid continues to sink. The 
complete destruction of the injected uric acid in dogs is accomp- 
lished in about 2 hours. Not less than 70 per cent is destroyed 
within the first 10 minutes. The speed of the destruction is dif- 
ferent in different dogs, but is never irregular, and the predomi- 
nant factor is always the concentration of the circulating uric 
acid. 

6. The uric acid destruction stops the instant the blood is 
removed from the living animal. Some unknown essential 
factor, therefore, must be contributed by the tissues, or by some 
tissue—possibly the liver. The unknown oxidizing agency is 
apparently used up as rapidly as it is poured into the blood. This 
agency, therefore, can scarcely be an enzyme. 

7. The specialized uric acid-absorbing power of the kidney 
and the impermeability of living muscle to uric acid can be 
most easily shown by uric acid determinations in birds. Their 
kidneys contain normally about 0.1 per cent of uric acid while 
the blood contains about 0.007 per cent and the muscles 0.001 
to 0.002 per cent. 

8. The speed of uric acid destruction in herbivorous animals 
(goats, rabbits) is less than one-tenth as rapid as that found in 
the dog. The destruction is slower in the goat than in the 
Dalmatian hound. 

9. Since the blood of herbivorous animals carries very low levels 
of uric acid and since the speed of destruction is mainly 
determined by the concentration in the blood, herbivorous 
animals probably destroy very little endogenous uric acid. 

10. Intravenous injections of uric acid (20 mg. per kilo in the 
form of lithium urate) into normal men are followed by excre- 
tions of from 30 to 90 per cent. The destruction in man, there- 
fore, amounts to from 10 to 70 per cent, the average being about 
50 per cent. 

11. The losses (destructions) in man are variable because the 
two factors involved—speed of destruction and speed of excre- 
tion—are subject to independent variations. 

12. The excretion period in man lasts from 1 to 4 days. The 
duration is mainly determined by the speed of destruction. 
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13. There is no tangible reason for assuming that the distri- 
bution of injected uric acid is different in man from the distribu- 
tion found in animals. It usually takes from 2 to 4 days for the 
circulating uric acid to reach its normal level after an injection 
of 20 mg. per kilo. The initial increase varies between 5 and 
15 mg. per 100 ce. of blood plasma. 

14. The unique and characteristic high levels of uric acid in 
normal human blood are due to a lack of responsiveness on the 
part of the human kidney. This lack of sensitiveness is probably 
a feature of the uric acid-absorbing power, rather than of the 
power to excrete any uric acid that has been absorbed. Each 
individual tends to carry his own level of circulating uric acid. 

15. High protein diets increase the responsiveness of the kid- 
neys and thus lower the level of circulating uric acid. Because 
of these lower levels less uric acid is destroyed and this is the 
reason why more endogenous uric acid is excreted on high protein 
than on low protein diets. 

16. The characteristic lack of responsiveness on the part of 
the human kidney is exaggerated in gout and this is the main 
or only reason why the gouty carry abnormally high levels of 
circulating uric acid. 

17: The uric acid-destroying process in the gouty is intrin- 
sically about the same as in normal persons but is subject to 
wider variations. The high levels of circulating uric acid in the 
gouty automatically result in more extensive destruction and 
therefore in diminished excretion (unless the power of destruc- 
tion is very small). 

18. The distribution of injected uric acid is substantially the 
same in gouty subjects as in normal persons. There is no reason 
to believe that the muscles of gouty individuals contain much 
more uric acid than the muscles of normal subjects. These con- 
clusions are based on the finding of the same increases in the 
plasma as in normal persons after uric acid injections. 

19. Intravenous uric acid injections (20 mg. per kilo) do not 
produce attacks in the gouty, but may produce enough temporary 
injury to the kidneys to result in a transient retention of other 
nitrogenous waste products than uric acid (increased non-protein 
nitrogen and urea of blood). In normal persons no such reten- 
tions have been encountered. 
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20. While urates do not diffuse into living cells of ordinary 
tissues (muscle), the possibility remains that cartilage and con- 
nective tissue, like dead animal tissues, may permit a slow pas- 
sage of urates into the localities where urates are found in the 





gouty. 
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A SYSTEM OF BLOOD ANALYSIS. 
SUPPLEMENT V. 


IMPROVEMENTS IN THE QUALITY AND METHOD OF PREPARING 
THE URIC ACID REAGENT. 


By OTTO FOLIN ann HARRY TRIMBLE. 
(From the Biochemical Laboratory, Harvard Medical School, Boston.) 


(Received for publication, April 1, 1924.) 


The problem of making the uric acid reagent of Folin and Denis 
as specific as possible for uric acid has become more important 
since Benedict! brought out the fact that substantially correct 
uric acid values for blood filtrates can be obtained without any 
preliminary precipitation of the uric acid. If uric acid reagents 
made from different samples of sodium tungstate are compared 
with reference to the amount of color which they give with blood 
filtrates obtained from sheep or dogs—filtrates which contain only 
traces of uric acid—it will be found that the reagents are not equiv- 
alent. Some will give distinctly more color than others. Similar 
differences are obtained if the reaction is applied to 0.2 mg. of 
resorcinol added to 5 cc. of water. 

The different results given by different samples of the uric acid 
reagent could obviously be due to variations in the amounts of 
molybdenum which may be present in the available brands of 
sodium tungstate. In their first paper on the preparation of the 
uric acid reagent, Folin and Denis stated that the sodium tung- 
state used must, of course, be free from molybdenum. This 
statement was based on their finding that when mixtures of tung- 
state and molybdates were used, the reagents became more sensi- 
tive to reducing substances, including the phenols. But molyb- 
denum is always present in tungsten ores and there is very little 


1 Benedict, 8S. R., J. Biol. Chem., 1922, li, 187; liv, 233. Folin, O., J. Biol. 
Chem., 1922, liv, 160. 
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reason to believe that the molybdenum has been completely 
removed from the sodium tungstates available from dealers or 
manufacturers. 

We have accordingly examined all the brands of sodium tung- 
state available in this department or obtainable from dealers. 
All, including the c. Pp. grades, contain appreciable quantities of 
molybdenum and some contain much larger amounts than others. 
One particularly bad sample had on the container the trade mark 
“Folin’s purity” in addition to the customary c. P. 

In this connection attention might be called to the test which we 
have found to be the most satisfactory for the detection of smali 
quantities of molybdenum in tungstates. The test,’ first suggested 
by Siewert, in 1864, is carried out as follows: 

Dissolve about 1 gm. of the sodium tungstate in 5 to 10 ce. of 
water. The reaction should be alkaline to litmus. Add a pinch, 
0.2 gm., of solid potassium xanthate and shake until it has dis- 
solved. Add to the solution so obtained 20 per cent sulfuric acid, 
1 drop at a time, with shaking. The shaking should be continued 
after each drop until the curdy tungstic acid precipitate which is 
produced has dissolved. If molybdenum is present it will be 
noted that the white turbidity which appears as the acid is added 
takes on a pinkish tint in the course of a few seconds. As the 
solution becomes definitely acid the entire solution takes on a 
color varying in shade from pink to a deep plum, which persists 
after shaking. Continue the addition of acid, with shaking, until 
there is no further increase in the depth of the color. Add about 
2 ce. of chloroform, shake vigorously, and allow to separate into 
two layers. The molybdenum xanthate is taken up by the chloro- 
form layer which will become more or less reddish in color, depend- 
ing on how much molybdenum is present. This test furnishes a 
rapid method for comparing the molybdenum content of differ- 
ent tungstates. 

Preparation of Potassium Xanthate-——In a 200 ce. Erlenmeyer 
flask place 100 cc. of absolute ethyl alcohol and 10 gm. of potas- 
sium hydroxide which has been broken into small lumps. Heat the 
mixture on a steam bath, shaking frequently, until nearly all the 


? This reaction has recently been made the basis of a quantitative gravi- 
metric method for molybdenum in tungsten compounds by Hall (Hall, 
D., J. Am. Chem. Soc., 1922, xliv, 1462). 
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solid dissolves. Filter the solution into another Erlenmeyer flask 
to remove the insoluble material (carbonate). Then, while the 
solution is continuously agitated, add, a few drops at a time, 10 
ec. of carbon disulfide. Set the solution aside to cool and erystal- 
lize. The potassium xanthate separates out as a fluffy mass which 
completely fills the solution. Transfer the precipitate to a Biich- 
ner porcelain funnel and filter with the aid of suction. Press the 
precipitate down on the funnel with a spatula to facilitate 
complete removal of the mother liquor. Wash the precipitate 
once with a small portion of absolute alcohol, and once with ether. 
The potassium xanthate has a faint yellowish tint and a very 
characteristic odor. The yield is about 12 gm. It can be pre- 
served in a stoppered bottle for a long time. 

By means of this test all the sodium tungstates now in the 
market give positive reactions for molybdenum. The amount of 
color, which uric acid reagents made from these tungstates give 
with 0.2 mg. of resorcinol, is approximately proportional to the 
molybdenum content. The molybdenum cannot be removed by 
means of ordinary recrystallizations (Smith and Exner*). In 
fact it is extremely difficult to remove the last traces of molyb- 
denum by any process and we have wasted much time trying to 
find a suitable method for the preparation of sodium tungstate 
absolutely free from molybdenum. We have obtained it in small 
quantities quite free from molybdenum. One sample was 
examined for us by Professor F. A. Saunders, of the Jefferson 
Physical Laboratory, Harvard College. He photographed its 
spectrum and found no trace of molybdenum. But the purifica- 
tion process used could not readily be applied on a sufficiently 
large scale and we therefore omit further discussion of it here. 

We have, however, succeeded in devising a comparatively simple 
and practical method for preparing the uric acid reagent almost 
absolutely free from molybdenum. The process depends on the 
fact that the molybdenum is precipitated as sulfide by hydrogen 
sulfide in the presence of phosphoric acid. 

Preparation of the Improved Uric Acid Reagent.—Transfer 100 
gm. of normal sodium tungstate, NazsWO,-2H,0, and 160 ce. of 
distilled water to a 500 ce. flask. Add 50 ce. of 85 per cent phos- 


* Smith, E. F., and Exner, F. F., Proc. Am. Phil. Soc., 1904, xliii, 123. 
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phoric acid, a few cubic centimeters at a time, with cooling under 
running water so as to prevent any appreciable rise in temperature. 
Connect the flask with a wash bottle leading to a Kipp’s hydrogen 
sulfide generator as indicated in Fig. 1. A is an ordinary gas wash 
bottle half filled with water. B is the flask containing the mixture 
of sodium tungstate and phosphoric acid. B is equipped with a 
2-hole rubber stopper fitted with an inlet tube C and an outlet tube 
D. The rubber stoppers in both A and B must fit so as to be gas- 
tight. To D is attached a short section of flexible rubber tubing 











Fig. 1. 


which is closed by the pinch-clamp EZ. The inlet tube of A is 
connected with the outlet of a Kipp generator furnishing hydrogen 
sulfide. 

Open the stop-cock of the generator and then open the pinch- 
clamp E momentarily, and close again, thus allowing the hydrogen 
sulfide to bubble through the solution. Repeat the opening and 
closing of the pinch-clamp six or seven times in order to remove 
the air and fill the flask with hydrogen sulfide. Then close the 
pinch-cock (#), but leave open the stop-cock which admits the 
hydrogen sulfide to the apparatus. When connecied in this way, 
hydrogen sulfide is produced by the Kipp generator only as it is 
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absorbed by the solution. The action of the hydrogen sulfide is 
continued overnight for the molybdenum sulfide precipitates only 
very slowly. The solution in flask B will gradually take on a deep 
blue color. 

The next morning disconnect the apparatus and filter the solu- 
tion in B into a 500 ce. flask. Avoid transferring the precipitate 
to the filter paper until most of the liquid has passed through. 
Allow the precipitate to drain completely, but do not wash it. 
Insert a 10 cm. funnel, and in this funnel place a 200 cc. flask, 
filled with cold water, and boil the contents of the flask gently, 
but continuously, over a micro burner, for 1 hour. The funnel 
and flask merely act as a convenient condenser. The boiling must 
not greatly reduce the total volume of the solution. 

Filter the hot solution from the additional small quantity of 
molybdenum sulfide which comes out during the boiling. This 
time, washing is permissible. Wash with small quantities of 
water until most of the blue color has been removed from the filter. 

To remove the blue color from the filtrate, heat the solution 
to boiling, remove the flame, and decolorize by the addition of 
bromine and shaking vigorously. Add only 2 to 3 drops at a time. 
A clear, light yellow solution should be obtained when sufficient 
bromine has been added. Boil the solution gently for 10 minutes 
to remove any excess of bromine and cool. 

Meanwhile transfer to a liter beaker 25 gm. of lithium carbon- 
ate and add first 50 cc. of 85 per cent phosphoric acid and then 200 
ec. of water. Boil off the carbon dioxide and cool. 

Mix these two solutions and dilute to 1 liter. 

The uric acid reagent, obtained in the process described above, 
gives only an extremely faint bluish tint with 0.2 mg. of resorcinol. 

For ordinary work, such as the determination of uric acid in the 
silver lactate precipitate obtained from human urine or for ordi- 
nary clinical determinations of the uric acid content of human 
blood, it is scarcely necessary to remove the molybdenum from 
the uric acid reagent, because the color given by resorcinol is al- 
ways very weak in comparison with the color obtained from uric 
acid. Errors up to 1 mg. per 100 ce. of blood may occur, however, 
as a result of using a reagent which contains large traces of 
molybdenum. 
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In connection with this research and while we were still hoping 
to find some brand of sodium tungstate free from molybdenum 
we worked out certain improvements in the ordinary process for 
making the uric acid reagent from:(a) normal sodium tungstate, 
(b) sodium paratungstate, and (c) ordinary phosphotungstic 
acid. 

Preparation of Uric Acid Reagent from Normal Sodium Tungstate. 
—Transfer 50 cc. of 85 per cent phosphoric acid and 160 ce. of 
water to a 500 ec. Pyrex flask. Heat nearly to boiling and then 
add 100 gm. of sodium tungstate. The mixture begins to boil from 
the heat of the reaction. Boil gently but continuously over a 
micro burner for 1 hour, using a 10 em. funnel and a 200 ce. 
Florence flask filled with cold water, as a condenser. 

Transfer 25 gm. of lithium carbonate to a liter breaker. Add 
50 ec. of 85 per cent phosphoric acid and 200 cc. of water. Boil 
off the carbon dioxide and cool. Mix the two solutions and dilute 
to 1 liter. 

Preparation of the Uric Acid Reagent from Sodium Paratung- 
state-—Transfer 40 cc. of 85 per cent phosphoric acid and 80 ee. 
of water to a 200 cc. Pyrex Florence flask. Heat nearly to boil- 
ing and then add 90 gm. of sodium paratungstate. Heat to boil- 
ing and continue the boiling for 1 hour after the tungstate has 
dissolved. Paratungstate dissolves more slowly than the normal 
tungstate and generates no heat. Use the same condenser during 
the boiling as is described in the preceding method and do not 
boil so fast as to produce much concentration. 

Dissolve 25 gm. of lithium carbonate in a liter beaker with 50 
ec. of phosphoric acid and 200 ec. of water. Boil, cool, mix the 


_ two solutions, and dilute to 1 liter. 


Preparation of the Uric Acid Reagent from Ordinary Phospho- 
tungstic Acid.—Transfer 10 gm. of lithium carbonate, 20 ce. of 
85 per cent phosphoric acid, and 80 cc. of water to a 300 ce. 
Pyrex Florence flask. Heat until nearly the whole of the car- 
bonate has dissolved. Then add 80 gm. of ordinary 24-phospho- 
tungstic acid and continue the boiling gently for 1 hour with the 
usual funnel-flask condenser to prevent undue evaporation. 

To a liter beaker add 15 gm. of lithium carbonate, 65 cc. of 
phosphoric acid, and about 200 cc. of water. Boil, cool, mix the 
two solutions, and dilute to 1 liter. 
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All the reagents are substantially identical. With 1 cc. of the 
reagent and 2 ee. of 15 per cent sodium cyanide they give the 
maximum color for the uric acid content of 5 cc. of blood filtrate, 
provided that the uric acid content of the blood does not exceed 
8 mg. per 100 cc. and provided further that the cyanide used gives 
no blank. We have lately obtained, in the open market, a sodium 
cyanide (Roessler and Hasslacher), freshly prepared solutions of 
which give absolutely no blank. 

It will be noted that in each case the required lithium has been 
incorporated in the reagent. The reagents give a white turbidity 
with the blood filtrates in the cold, but this turbidity disappears 
during the subsequent heating on the water bath, and does not 
return. 
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LEAD STUDIES. 


IX. THE SOLUBILITY OF VARIOUS LEAD COMPOUNDS IN BLOOD } 
SERUM. i 


By LAWRENCE T. FAIRHALL. 
(From the Laboratories of Physiology, Harvard Medical School, Boston.) 


(Received for publication, April 11, 1924.) 


Knowledge of the solubility of lead and its compounds in serum 
or body fluids is important in understanding not only how lead is 
carried in the blood stream but also how it is absorbed from the 
mucous membranes and respiratory tract. In industry the most 
dangerous lead trades have proved to be those in which dust is 
inhaled; and experiments have shown (1) that poisoning develops 
very readily after inhalation of lead or certain lead compounds. 
Since the toxic symptoms are not caused by the local action of 
lead on the mucous membranes and in the respiratory tract, but 
by its action on tissues far distant from these, the mechanism of 
its entrance into the organism and its transportation in the 
circulation is of fundamental interest. Phagocytosis and direct 
absorption of dissolved lead compounds, as well as diffusion from 
particles in contact with the moist epithelial cells of the alveoli, 
must play some réle in this mechanism. The purpose of this 
investigation was to seek more information regarding one of these 
factors; i.e., to determine whether the solubility of lead com- 
pounds in the fluids of the tissues is different from that in pure 
water. For this purpose blood serum was selected as a repre- 
sentative medium. 


LO RE TE EE RE we me ee 


a ee 


EXPERIMENTAL PROCEDURE. 


Materials.—Fresh horse serum, obtained through the courtesy of 
Dr. Benjamin White of the Massachusetts State Vaccine Labora- 
tory, was used for these experiments. Pure finely granular “test- 
lead” (Baker and Adamson) wasemployed. Lead sulfate, chromate, 
and carbonate were prepared by precipitation from pure lead ace- 
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tate, and were repeatedly washed to remove soluble impurities. 
Lead oxide was derived from this pure lead carbonate by ignition 
in an electric muffle furnace. This oxide was free from soluble 
salts and lead carbonate. 

Method.—An excess of the dry solid lead or lead salt was added 
in 250 cc. bottles to fresh horse serum containing a small amount 
of powdered thymol as preservative. The bottles were then 
securely sealed and rotated mechanically, end over end, at a rate 
of 38 r. p. m. for 24 hours in an electrically heated thermostat 
which held the temperature constant within 0.1° at 25°C. At the 
end of this period the mixtures were allowed to stand in order to 
separate the solid phase. Finally the last traces of solid were 
removed by repeated centrifugalization. Portions of the clear 
solution were analyzed in triplicate for lead by ashing, converting 
the lead to chromate, and titrating it in this form with 0.005 n 
sodium thiosulfate (2). 

The solubility data for lead and for the compounds investigated 
here are collected in the following table: 














No. Substance. nnn || Solubility in H.O. 

| gm. per l. | gm. per t. 
1 | PbCO, | 0.0333 | 0.0017 at 18° (3) 
2 |  PbSO, | 0.0487 | 0.044 “ 24.95° (4) 
3 | PbCr0, | 0.00001 “ 25° (5) 
4 PbO 1.1520 0.0171 “20° (3) 
5 | Pb 0.578 | 





Effect of Carbon Dioxide.—The effect of carbon dioxide on the 
solubility of these substances was determined by saturating the 
fresh serum suspension of the solid with carbon dioxide gas at 
25° and determining the solubility at 25° as above. The following 
values were obtained: 





Solubility in COz-saturated 





No. Substance. serum. 
* gm. per l. me 
1 PbCO; 0.0125 
2 PbSO, 0.0300 
3 PbO 1. 1600 
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These values, while somewhat below normal, do not indicate a 
marked change in the solubility except in the case of metallic 
lead. This exception probably depends upon the fact that metallic 
lead reacts with the CO, so that the individual granules become 
coated with a film of lead carbonate which prevents further 
oxidation. It has been found in this laboratory that the tendency 
of lead to oxidize in contact with pure water is greatly reduced by 
the presence of a small amount of CO... Thus, 100 cc. of pure 
water, which is shaken with metallic lead for 60 seconds, oxidize 
117.0 mg. of Pb; whereas 100 cc. of pure water, 25 per cent 
saturated with CO, and shaken with lead in the presence of air 
for the same length of time, oxidize only 10.3 mg. of Pb. It is 
quite probable that carbon dioxide hinders oxidation by forming 
a protective coating of lead carbonate on the lead granules. The 
fact that CO, has no apparent effect on the solubility of PbO in 
serum is not of great significance as the CO, appears to be prob- 
ably rapidly fixed by the PbO. 

The solubility of lead oxide in serum is the most striking of the 
results obtained. While its solubility in pure water is only 17 mg. 
in serum it is greatly increased and amounts to 1.15 gm. This 
solution is alkaline to phenolphthalein. Doubtless as lead hydro- 
xide is formed it is rapidly removed by protein, which combines 
with it to form an alkali metaprotein. It would be expected, 
therefore, that lead fume or lead oxide, when carried into the 
respiratory tract, would find an easy mode of entrance into the 
circulatory system. 

The experiments with lead chromate indicate that its solubility 
is no greater in serum than in pure water. Some reduction of the 
chromate by serum would be expected in the course of 24 hours, 
for it is readily reduced by a number of organic substances. This 
is interesting in view of the fact that insufflation experiments 
have indicated a fairly rapid removal of lead chromate from the 
lungs (1). However, although the serum itself exerts no reducing 
effect, the enormous avidity of the tissues for oxygen, as shown 
by Ehrlich’s experiment with methylene blue, is well known. It 
would not be surprising, therefore, if so powerful an oxidizing 
substance as lead chromate would suffer reduction within the 


body. 
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Experiments with precipitated lead sulfide are unsatisfactory 
because it is difficult to separate the solid phase by centrifugaliza- 
tion. Furthermore, lead sulfide is sensitive to oxidation. Figures 
finally have been obtained which correspond more nearly with 
those obtained with lead sulfate and have been ruled out on this 
account. Lead carbonate is somewhat more soluble in serum than 
in pure water. The solubility is reduced slightly by COs. 


CONCLUSIONS. 


The results obtained indicate no great increase in the solubility 
of lead salts in serum as compared with that in pure water. The 
marked solubility of lead oxide and metallic lead is, however, 
significant for workers in the lead industry as a probable factor 
in the poisoning which develops rapidly after exposure to lead 
fume and lead oxide dust. 

Legge and Goadby (6) show that the proportion of those suffer- 
ing from lead encephalopathy is higher in the manufacture of 
lead oxides than in any other lead industry. It is quite possible 
that the ready solubility of these compounds allows lead to enter 
the system more quickly than it can be eliminated or deposited 
in the bones as relatively harmless lead phosphate and that 
the large quantities circulating tend to produce severe lead 
intoxication. 
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LEAD STUDIES. 
XI. A RAPID METHOD OF ANALYZING URINE FOR LEAD. 


By LAWRENCE T. FAIRHALL. 
(From the Laboratories of Physiology, Harvard Medical Schvol, Boston.) 


(Received for publication, April 11, 1924.) 


There is great clinical need for an accurate and rapid test for 
lead in urine because lead may be found in the urine only after it 
has been absorbed. The older and more obvious methods of 
analysis have so far proved very unsatisfactory. It is impossible 
to precipitate lead from urine quantitatively by the ordinary 
precipitants for lead because the insoluble lead salts become 
highly dispersed and remain in colloidal solution. A second objec- 
tion to this method is the mechanical difficulty of filtration, which 
is slow and uncertain, Equally unsatisfactory is the precipita- 
tion of lead on magnesium ribbon (1) and by direct electrolysis 
(2). To overcome these difficulties urine must be evaporated to 
dryness and completely ashed before the quantitative test for 
lead is made. The slow oxidation of the carbonaceous residue, 
in the presence of a large quantity of fused salts, as well as the 
repeated extraction of the residue with water and acid, and the 
necessary reashing, renders such a process very time-consuming. 
Attempts to precipitate excreted lead by bubbling hydrogen 
sulfide gas directly into urine have resulted in failure because the 
lead is probably present in the form of highly dispersed lead 
phosphate in the presence of dissolved phosphates, and is, there- 
fore, more insoluble than lead sulfide. A new method of separat- 
ing lead salts from urine has therefore been devised. 

Attempts to simplify the usual procedure by separating lead by 
adsorption on charcoal, or by chemical precipitation on bone meal 
or permutit were not encouraging. It was found possible, how- 
ever, to precipitate lead from urine quantitatively by entrain- 
ment with the earthy phosphates. Precipitation by entrainment 
is of great value in separating minute amounts of a substance from 
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a large volume of fluid—particularly when addition of a precipitant 
causes the formation of a colloidal precipitate which may not 
settle out completely for several days. The simultaneous coagu- 
lation of such a salt and of a large volume of some other salt 
bearing the same anion allows complete precipitation of both; 
i.e., entrainment of the smaller precipitate. By this method 
Meillére detected minute amounts of mercury in water by adding 








TABLE I. 

No. Lead added. | Lead recovered. Error. 

m7}. mj. mj). 

1 1.00 0.94 —0.06 
2 1.00 1.04 +0.04 
3 1.00 1.07 +0.07 
4 1.00 1.02 +0.02 
5 1.00 1.04 +0.04 
6 1.00 1.04 +0.04 
7 1.00 1.07 +0.07 
8 1.00 1.02 +0.02 
9 1.00 1.06 +0.06 
10 1.00 1.00 0.00 
11 1.00 1.00, 0.00 
12 1.00 1.07 +0.07 
13 1.00 0.99 —0.01 
14 1.00 1.04 +0.04 
15 1.00 0.98 —0.02 
16 1.00 1.03 +0.03 
17 1.00 1.06 +0.06 
18 1 00 1.01 +0.01 
19 1.00 0.96 | —0.04 
PT eee e yah hae c ees cs Se eee ek CoN Renae es +0.037 








a soluble copper salt and subsequent precipitation of both metals 
with hydrogen sulfide (3). The same principle has been em- 
ployed in separating lead from urine. 

If fresh or well preserved urine is made strongly ammoniacal, 
the alkaline earth phosphates precipitate in a gelatinous mass so 
completely that the clear liquid above can be decanted. A series 
of experiments was carried out with urine to which known amounts 
of lead had been added before the addition of ammonia. In each 
case the volume of urine used was 1 liter and the quantity of 
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lead 1 mg., or 1 part in one million. The precipitates filtered out 
quite rapidly on a Biichner filter by suction and were ashed before 
quantitative measurements were made. Because the precipitate 
contains relatively little inorganic salt, as compared with the 
residues obtained by evaporation of urine, the lead is the more 
easily separated. The data obtained by volumetric determina- 
tion of the lead as chromate (4) are summarized in Table I. 
These results show that the recovery of lead from the precipitate 
was satisfactory, particularly since no end-point correction (about 
0.03 mg. per drop) was used. 











TABLE Il. 
No. | Vaeeoet | saline Lead in filtrate. 
| ce. mg. | mg. 
1 3,075 | 0.07 | Negative. 
2 | 3, 500 0.05 g 
3 | 15,000 | 0.38 . 
4 4, 020 | 0.08 a 
5 | 5,540 | 0.05 - 
6 3, 800 0.04 Positive (microchemically). 
7 4, 420 Negative. Negative. 
8 | 4, 270 0.28 vi 
9 3, 500 0.19 ” 
10 | 3,500 | 0.20 7 
11 | 3,150 | Negative. * 
12 | 4,570 0.23 | - 
13 | 4,730 | 0.78 “ 





This method of analysis was also applied to the urine of patients 
suffering from lead poisoning. Frankel (5) had not been able to 
detect excreted lead electrolytically, while he had been able by 
the same method to demonstrate the presence of lead added to 
urine, and it was therefore felt desirable to determine whether the 
entrainment method involved this difficulty. Both the filtrates 
and the phosphate precipitates were analyzed separately in this 
series of experiments to ascertain whether any lead had escaped 
precipitation. When there was too little lead present in either to 
allow quantitative analysis, a microchemical test was used (6). 
The results, which are collected in Table II, show that excreted 
lead can be removed by precipitation of the phosphates of urine 
with ammonia and that the filtrate is lead-free. 
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In using this entrainment method a few precautions are neces- 
sary to insure success. The urine must be either freshly collected 
or well preserved with powdered thymol, because the crystalline 
phosphates which form when urine is allowed to become ammoniacal 
on standing do not completely remove the lead. Experiments 
have shown that if this precipitate is dissolved in mineral acid, 
and the urine then rendered ammoniacal, less than 50 per cent of 
the lead is present in the precipitate. Boiling ammoniacal urine 
to increase the rate of settling of phosphates prevents complete 
recovery of lead. Heating should therefore be avoided. The 
most convenient method of obtaining the precipitate is to add an 
excess of ammonium hydroxide to the urine and to let the mixture 
stand overnight at room temperature in a large Erlenmeyer flask. 
Although the precipitate settles out within 2 to 3 hours, it is 
desirable to allow this longer interval, as the precipitate is then 
quite compact and may be separated rapidly by suction filtration. 


SUMMARY. 


An entrainment reaction has been applied to the precipitation 
of lead from urine. Lead is quantitatively precipitated with the 
alkaline earth phosphates when ammonium hydroxide is added. 
This precipitate can be collected, ashed, and the amount of lead 
present determined volumetrically with greater facility than by 
the usual method of evaporating the urine to dryness and ashing 


the residue. 
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THE INFLUENCE OF INSULIN ON THE GLUCOSE-FER- 
MENTING ACTION OF BACILLUS COLI. 


By GRACE McGUIRE anp K. GEORGE FALK. 
(From the Harriman Research Laboratory, The Roosevelt Hospital, New York.) 


(Received for publication, May 3, 1924.) 
INTRODUCTION. 


Because of the widely distributed occurrence of “insulin” and 
analogous bodies in the less highly developed organisms such as 
shell-fish and plants' as well as in the animal body, it seemed 
possible that the carbohydrate metabolism of bacteria might be 
influenced by insulin. 

For a number of reasons the glucose-splitting bacteria Bacillus 
coli seemed to be especially fitted for this study. The glucose- 
splitting reaction of Bacillus coli takes place at body temperature; 
the main end-products are carbon dioxide and water; the metabo- 
lism of Bacillus coli is sensitive to added substances; the material 
lends itself to experimental control; ete. 


EXPERIMENTAL. 


A 12 to 18 hour old Bacillus coli culture* was diluted about 
twenty times with neutral meat broth containing peptone and 
about 1 per cent glucose at 37.5°C. From this Bacillus coli 
broth mixture, 100 cc. portions were added to flasks containing 
various amounts of the commercial insulin preparation “‘iletin”’ 
and enough water to make the final volume 102.5 cc., plugged with 
cotton, and incubated at 37.5°C. in a constant temperature water 
bath. At definite time intervals 5 cc. portions were removed from 
the different mixtures, the proteins precipitated by the Folin and 


‘ No specific insulin references are given in this short paper. The reader 
is referred instead to the very complete review of the literature given in 
Joslin, E. P., The treatment of diabetes mellitus, Philadelphia and New 
York, 3rd edition, 1923. 

* The writers wish to thank Miss Marguerite Fletcher of The Roosevelt 
Hospital for the cultures and media used in this work. 
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Wu method,’ and the filtrates analyzed by the Shaffer and Hart- 
mann sugar method.‘ The results of one series of experiments 
are given in Table I. They represent the averages of duplicate 
determinations. 

In Table I, which gives at three different incubation periods, 
the effects of a very large variation in the insulin concentration, 
and for constant insulin concentration a time variation of 4, 7, 
and 24 hours at eight concentrations, no significant influence of 
iletin on the Bacillus coli fermentation is seen. The possible ac- 
tion of the iletin was studied similarly under various other con- 
ditions such as (a) starting with very heavy and very light Ba- 
cillus coli cultures, (b) initially using as much as 100 units of 
iletin per ce. of mixture, (c) adding iletin every few hours, and 

TABLE I. 
The Fermentation of Glucose by B. coli in the Presence of Insulin. 




















Experiment | ny tee | Amounts of glucose per 102.5 ec. mixtures. 
wi | mixtures. After } hr. | After 4 hrs. | After 7 hrs. | After 24 hrs. 
| gm. } gm. | gm. gm. 
1 | 0 1.015 0.880 | 0.569 | 0.130 
2 | O8 | | 0.872 | 0.564 | 0.084 
3 | 1.0 | 0.830 | 0.554 | 0.113 
gt ae | 0.840 | 0.534 | 0.113 
5 =| 10.0 | 0.880 | 0.534 | 0.084 
6 | 15.0 | 0.835 | 0.554 | 0.084 
7 | 25.0 | 0.84 | 0.573 | 0.113 
s | 50.0 | 0.825 | 0.554 | 0.130 





(d) using other periods of time. The same lack of influence by 
iletin was observed so that these experiments will not be reported 
in detail. It may also be stated that in a number of experiments 
the Benedict and Osterberg method was used in addition to the 
Shaffer-Hartmann method to follow the disappearance of the 
glucose and in one series the carbon dioxide production was also 
studied. In no case was any change, caused by the iletin, ob- 
served in the fermentation. 
CONCLUSION. 

The fermentation of glucose by Bacillus coli was not influenced 
by insulin. 

3 Folin, O., and Wu, H., J. Biol. Chem., 1919, xxxviii, 81. 


4 Shaffer, P. A., and Hartmann, A. F., J. Biol. Chem., 1920-21, xlv, 349. 
5 Benedict, S. R., and Osterberg, E., J. Biol. Chem., 1921, xlviii, 51. 











OBSERVATIONS ON THE ORIGIN OF URINARY 
AMMONIA. 


By ROBERT F. LOEB, DANA W. ATCHLEY, ann ETHEL M. 
BENEDICT. 


(From the Department of Medicine, College of Physicians and Surgeons, 
Columbia University, and the Presbyterian Hospital, New York.) 


(Received for publication, May 1, 1924.) 
INTRODUCTION. 


For many years the source of urinary ammonia has constituted 
a perplexing problem for physiological chemists. In 1921 Nash 
and Benedict! advanced the somewhat startling hypothesis that 
the kidneys themselves form the ammonia which they excrete. 
This idea was based chiefly on the observations made by these 
authors that the NH; content of blood taken from the renal vein 
of the dog is greater than that of arterial blood or of venous blood 
from other sources in the same animal. Furthermore, they sug- 
gested that it is quite improbable that the kidney should be able 
to eliminate from the arterial blood, with its low NH; content, the 
large amounts of NH; found in the urine. This new view-point 
seemed of sufficient importance to justify confirmation and further 
investigation. 

It occurred to us that significant evidence for this theory of 
NH; formation might be derived from experiments similar to those 
of Nash and Benedict, but on animals which, unlike the dog, have 
an extremely limited capacity to excrete NH; by the kidneys. 
The rabbit excretes practically no NHs, and is therefore available 
for such a comparative study. 


Procedure. 


Blood NH; determinations were made by the method of Nash 
and Benedict, all the precautions suggested by them being care- 
fully observed. A preliminary study of the method showed it to 


‘Nash, T. P., Jr., and Benedict, 8. R., J. Biol. Chem., 1921, xiviii, 463. 
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be sufficiently accurate for physiological experiments of the type 
presented in this paper. The determinations were almost in- 
variably made in duplicate and were always made immediately 
after withdrawal of the blood from the animal. 

In the operative experiments the animals were anesthetized 
with ether and blood samples were taken as promptly as possible 
and with practically no manipulation of the kidney. In taking 
blood from the renal vein, the needle was pointed toward the 
kidney and the vena cava was compressed below by the finger. 
When blood was taken from the vena cava, back-flow from the 
kidneys was obviated by pressure on the cava. Urine specimens 
for NH; and pH determinations were removed from the bladder 
during the course of the operation. 


EXPERIMENTAL. 


1. Blood Ammonia Studies in the Dog.—Four dogs were studied 
and from Table I it may be seen that the NH; content of the 
renal vein is much higher than that of the arterial blood. Further- 
more, it is apparent that while the NH; content of the vena cava 
and splenic veins was somewhat higher than that of arterial blood, 
it was very much less than that of the renal veins. Only a limited 
number of experiments were performed on the dog in view of the 
fact that this part of the work was done only to confirm the 
findings of Nash and Benedict. 

2. Ammonia Excretion in the Rabbit.—Three rabbits were fasted 
for 3 days. On the first 2 days they received 300 cc. of water by 
stomach tube, given in 100 cc. amounts. On the 3rd day they 
received 300 cc. of 0.1 N HCl or H.SO, in place of water, by 
stomach tube. 24 hour collections of urine were made on the 
3rd day. Table II shows that starvation and even high acid 
feeding result in the excretion of only traces of ammonia. 

38. Blood Ammonia Studies in the Rabbit—Table III shows that 
there is only a very slight excess of NH; in the renal vein as 
compared with ar‘erial blood and that the NH; excreted in the 
urine of the rabbits averaged about one-sixtieth of that elimi- 
nated by the dogs. There appears to be a greater fluctuation 
in the absolute value for the NH; content of arterial blood in 
the rabbit than in the dog, but the average is approximately the 
same. The cause for this fluctuation will be discussed in an- 
other paper. 
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TABLE I. 
Study of NH; Content of Blood from Various Sources in the Dog. 
| r= |g | 
3 | Source of blood. | 73 | zx E | a Remarks. 
¥ | més jess] = 
a | Zz |e | ~ 
| mg. cee. 
1 | Femoral artery. | 0.05 | 1.49 | 
. 
| Renal vein. | 0.16 | | 
| 
| | | 
2 | Femoral artery. | 0.05 | 4.93 | 5.8 | Blood taken from vena 
Renal vein. | 0.13 | | cava 15 min. after other 
| Vena cava. | 0.11 samples were removed. 
} | | 
3 | Femoral artery. | 0.03 | 3.28 | 6.8 | 
Left renal vein. | 0.30 | 
Right “ “ 0.30 
Vena cava. 0.05 | 
4 | Femoral artery. | 0.01 | 1.45 | 6.6 | 
| Right renal vein. | 0.10 
Left = | 0.09 | 
| Splenic vein. | 0.04 
| Vena cava. | 0.04 | 








Average NH; content of femoral artery = 0.04 mg. NH;-N per 100 ce. 


“ “ “ “ vena cava = 0.07 “ “ “ 100 “ 

“ “ “ “ renal vein = 0 17 “ “ “ 100 “ 

” ” - “ 1 ce. urine = 2.78 cc. 0.02 n HCl. 
TABLE II. 


Demonstration of Low NH; Excretion in Fasting Rabbits after Feeding 300 Ce. 
of 0.1 N HCl or H2SO,. 








om | Sheet |. Se. | Stee 
cc. cc. ce. 
A 340 | 6.80 | 0.02 
B 193 | 5.00 | 0.03 
Cc | 445 |. 8.90 | 0.02 
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TABLE III. 


Comparison of NH; Content of Blood from the Aorta and Renal Vein 
of the Rabbit. 





| NH:;-? pe 100 ce. lia 








blood. | | 4 
Rabbit No. | } 0.02 of es ry Remarks. 
| Aorta. | Deal 1 ce. aa | 
— smn | ce ee ae 
1 | 0.05 | 0.08 5.9 | Arterial determination 
| | | run only 4 min. 
2 | 0.05 | 0.08 | 0.04 | 7.0 
5 | 0.06 | 0.04 | No urine in bladder. 
7 | 006 | 0.09 0.05 8.0 | 
8 | 0.02 | 0.06 | 0.02 7.2 | 
9 | 0.11 | 0.09 | 0.038 | 7.2 
10 | 0.05 | 0.04 | 0.04 6.8 | 
11 | 0.04 | 0.03 | 0.09 7.3 | 
1 ©=6| 000 | oO. | OO | 7.1 
17 | 0.04 | 0.08 | 0.06 | 4.9 
19 0.01 | 0.03 | 0.05 | 63 | 
Average....| 0.052 0.069| 0.04 | 





DISCUSSION. 


From the data presented, it is quite evident that in animals 
which excrete but traces of ammonia by the kidney, the NH; 
content of blood from the renal vein and aorta is almost identical, 
whereas, in animals excreting large amounts of NHs, there is a 
striking difference. These findings, therefore, lend support to 
the conception that NH; is formed by the kidney as has been 
suggested by Nash and Benedict. 

The fact that the NH; content of the vena cava and splenic 
vein is slightly higher than that of arterial blood suggests the 
possibility that traces of NH; are liberated in many tissues as a 
result of metabolic activity. This difference is about the same as 
that seen in the renal vein and artery of the rabbit, which is 
excreting practically no NH; at all. 


CONCLUSIONS. 


1. The ammonia content of the renal vein of the dog is many 
times greater than that of arterial blood. This is a confirmation 
of the findings of Nash and Benedict. 
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2. The ammonia content of the blood from the renal vein of the 
rabbit (which excretes only traces of NH; in the urine) is prac- 
tically the same as that of blood from the aorta. 

3. Venous blood from sources other than the renal veins has a 
slightly higher NH; content than arterial blocd. This is possibly 
a result of tissue metabolic activity. 

4. The results of our experiments lend definite support to the 
theory that urinary NH; is formed by the kidney. 


We are indebted to Miss E. G. Nichols and Mr. 8. Steinberger 
for technical assistance in this work. 
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THE RELATIVE SPECIFIC DYNAMIC ACTION OF VARIOUS 
PROTEINS.* 


By DAVID RAPPORT.f 


WirTH THE TECHNICAL ASSISTANCE OF JAMES EVENDEN. 


(From the Physiological Laboratory of Cornell University Medical College, 
New York City.) 


(Received for publication, June 4, 1924.) 
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I. INTRODUCTION. 


As long ago as 1852 Bidder and Schmidt observed that giving 
large quantities of meat to a starved animal resulted in a marked 


* Brief abstracts of this work were presented by Rapport before the 
National Academy of Sciences at Washington in April, 1923, and by Lusk 
before the International Physiological Congress at Edinburgh in July, 1923. 

t National Research Fellow, Division of the Medical Sciences. 
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rise in the respiratory gaseous exchange. The constancy of this 
increase in metabolism has since been amply confirmed, and to it 
Rubner has given the name of the specific dynamic action of protein. 
This phenomenon is not due to the combustion of the protein it- 
self, with the subsequent evolution of heat, but, as was experi- 
mentally proved by Lusk, is due to a stimulation of the metabolism 
of the body cells. The investigations of Lusk (1) have further 
shown the special significance of different amino acids contained 
within the protein molecule, as regards their power to increase 
the heat production in the dog. On the basis of these researches 
Lusk came to the conclusion that the specific dynamic action 
of protein was due chiefly to the amino acids, glycine and alanine. 

At Professor Lusk’s suggestion, and in part with his aid, the 
effects of the ingestion of various proteins were investigated with 
a view to determine what relation their amino acid content bore 
to their influence upon heat production. The study of this prob- 
lem forms the subject of this paper. 

The protein materials which were considered were six in num- 
ber—beef, gelatin, casein, gliadin, codfish, and chicken—and 
were of widely varying amino acid content. Examples of their 
variation in those amino acids that are of peculiar significance 
in this connection, namely glycine and alanine, are as follows: 


Beef (2) contains approximately 4 per cent glycine and 8 per cent alanine. 

Gelatin (3) contains approximately 26 per cent glycine and 9 per cent 
alanine. 

Casein (4) contains approximately no glycine and 1.5 per cent alanine. 

Gliadin (4) contains approximately no glycine and 2.0 per cent alanine. 


On a priori grounds, therefore, it appeared that, of these pro- 
teins, gelatin should exert the greatest specific dynamic action, 
and casein and gliadin the least, with beef intermediate between 
them. 


II. EXPERIMENTAL PROCEDURE. 


All the experiments of this series were carried out on a single 
dog (Dog XIX), which had been the subject of many previous 
experiments, and was accustomed to lie quietly in the calorimeter 
over a period of many hours. Movements of the animal within 
the calorimeter were recorded by a device that has been described 
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by Williams, Riche, and Lusk (5); and when the activity of the 
animal was great enough to affect the metabolism appreciably 
the experiments were discarded. A maintenance diet, long used 
in this laboratory (6) for dogs of similar size, consisted of 100 gm. 
of lean beef heart, 100 gm. of biscuit meal, 20 gm. of lard, and 10 
gm. of bone ash (5.25 gm. of nitrogen and 688 calories), and was 
given each afternoon at about 5 o’clock. The basal metabolism 
was determined approximately 18 hours after this meal. On 
those days when the effect of food was to be tested the food was 
administered about 17 hours after the ingestion of the mainte- 
nance diet and the experimental record was begun an hour later. 
The temperature of the calorimeter was maintained in the neigh- 
borhood of 25-26°C. 


III. METHODS OF CALCULATION, 


Certain possible sources of error confronted us during the 
course of these experiments if we were to use the ordinary methods 
of calculation. These were due chiefly to difficulties in the esti- 
mation of the protein metabolism from the urinary nitrogen. 
The excretion of nitrogen is at best an imperfect criterion of the 
rate of metabolism of the ingested protein from which that nitro- 
gen is derived—at least during the early hours of digestion. Reilly, 
Nolan, and Lusk (7) have shown that in a phlorhizinized dog the 
actual metabolism of protein during the first hours after its in- 
gestion, as measured by the appearance of urinary sugar formed 
from it, was relatively larger in amount than was indicated by the 
urinary nitrogen originating from the same protein; also, Hohlweg 
and Meyer (8) found that there was an accumulation of urea in 
the blood following meat ingestion, with a consequent delay in 
the nitrogen excretion. 

It was convenient for the purposes of our research, as will 
be brought out later, to calculate the total protein metabolism 
upon the assumption that the urinary nitrogen per hour was the 
average of the output during the experimental period. The dog 
was catheterized before entering and after leaving the calorimeter. 
Williams, Riche, and Lusk (5) showed that the error introduced 
as a result of using this method of calculation was inappreciable, 
a conclusion which we were able to confirm. Thus, Experi- 
ment 98, when calculated upon the average nitrogen output of 
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the experimental period of 5 hours, showed total calories of 22.34; 
when calculated upon the nitrogen output of the 2nd hour, 22.59; 
and when calculated upon the nitrogen output of the 5th hour, 
22.32. This last probably represents most acurately the actual 
hourly metabolism of protein; and the nitrogen excretion of this 


TABLE I. 
A Method of Determining Factors for Gelatin. 




















; ¢ H | a 
i" | percent | : cent | percent | soa 
Excretion products of meat in urine| | 
A | 10.88 | 2.88 | 14.99 | 16.65 
Composition of gelatin............ 42.86 | 5.71 | 20.94 | 15. 49* 
Excretion products of gelatin in | 
FE I rere | 10.36 2.67 | 13.95 | 15.49 
32.50 3.04 6.99 
Deduct intramolecular water............. 0.87 6.99 
Oxidized to CO, and H,0........ 32.50 2.17 


8 X 2.17 = 17.36 gm. O: required to produce H,0. 


32/12 XK 32.50 = 86.67 aad “ “ 





“ 


“ 


CO:. 


104.03 “ “ in respiratory exchange for each 100 
gm. gelatin. 
86:67 + 32.50 = 119.17 gm. CO, in respiratory exchange for each 100 


gm. gelatin. 
R. Q. = 0.833 
100 gm. gelatin = 341.80 calories.t{ 
1 liter respiratory O. = 4.694 ” 
1 gm. N in urine = 6.46 gm. gelatin = 22.08 calories; 


and in respiration| 9 liters ie : — 
»t .é 2. 





*N actually found in commercial gelatin used. Percentages of other 
elements calculated (10) as though the material had been pure gelatin. 

t Assuming the excretion products in relation to nitrogen to have been 
the same as those of meat protein. 

t Calculated from the figures of Krummacher (11). 


hour does not, unless excessive amounts of protein are given, 
differ sufficiently from the average excretion during the experi- 
mental period to affect appreciably the calculation of the total 
metabolism. 

Another complication arose when different kinds of proteins 
were ingested, for 1 gm. of nitrogen in the urine then represents 
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slightly different heat values, as well as different respiratory CO, 
and O, values. gonits,,- 

Table I gives a method for arriving at the factors for suc ‘2 
a protein as gelatin, assuming that the excretion products in t 
urine and feces are identical with those of meat. This calcul : Jun 12 
tion is the most nearly accurate that can be made with the dat %, 
at our disposal. The errors involved do not seriously interfere 
with the computations. Thus, in one experiment in which gelatin 
was given, the calories found, when calculated upon these factors 
for gelatin, were 20.86; when calculated upon the factors for meat, 
they were 21.19. The variation in this case is only about 1.5 per 
cent. In another experiment in which casein was ingested the 
calories found when the calculation was based on the factors for 
casein (9) were 21.44; when based on the factors for meat they 
were 21.41. In view, therefore, of the small error involved, the 
use of special factors was avoided in the cases when proteins 
other than meat were given, and the experiments were calculated 
upon the assumption that all the protein metabolism had been in 
the form of meat protein. 


IV. THE EXPERIMENTS. 


A. The Basal Metabolism. 





The constancy of the basal metabolism was very striking (Table 
II). These determinations cover a space of 15 months. The 
average heat production was i6.52 calories, and from this mean 
the maximum variation was +0.47 calories and —0.49 calories, 
+2.9 per cent, or hardly greater than the variation in the deter- 
minations of oxygen during alcohol checks. In eight of the experi- 
ments the maximum deviation was +0.4 per cent and —0.7 per 
cent. 

These results may possibly give pause to authors such as Lefévre 
(12), for example, and others in our own country and induce them 
to reexamine the evidence which has led them to suspect the in- 
constancy of the basal metabolism and to proclaim its inadequacy 
as a standard of measurement. 

Lusk (13) has called attention to the fact that if an animal that 
has been accustomed to a vigorous outdoor life is immured in a 
cage, the basal metabolism will tend gradually to drop until, 
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after several weeks, it will reach a certain level, at which it will 
thereafter remain, given constant conditions of life and an un- 
varying body weight. This phenomenon we observed in the pres- 
ent instance, there being a gradual decline in the dog’s metabolism 
for about 3 or 4 weeks after she was brought in from the country 


TABLE ll. 
The Basal Metabolism of Dog XIX (Weight 11.5 Kilos) during 1923-24.* 





Calories per hr. 

















Experiment No. Date. R.Q. = ae 
Indirect. Direct. 
” ——_ T ee ~ 
96 Jan. 30 0.83 | 16.58 | 17.08 
102 | Feb. 14 | 0.82 | 16.42 | 15.98 
107 . #44 0.80 | 16.44 | 16.34 
110 Mar. 2 | 0.81 . aa 17.46 
115 “— 13 | 0.79 16.76 | 18.01 
122 | «© 0.80 16.46 | 16.60 
129 Apr. 4 | 0.88 16.52 17.02 
146 May 9 | 0.83 | 16.74 | 14.26 
Average for 1923........... 0.82 | 16.61 | 16.72 
17 | Dec. 5 | 0.79 | 16.39 | 15.92 
1924 
175 | Mar. 6 | 0.81 | 16.43 | 15.71 
181 L: ee: ager ie 0.88 16.57 16.01 
185 | Apr. 3 | 0.84 | 16.99 | 14.40 
190 ; * 8 | O@ | 42 | Be 
196 | *© @ | 0.89 | 16.03 
Average for 1923-24....... 0.85 16.53 | 16.71 
ws *! deem... oc 54] 0.83 16 .62 16 .21 





* The specific dynamic action of the substances tested in this research 
has been calculated on a basal value of 16.48 calories (the average of 
Experiments 107, 110, 115, 122, and 129). The inclusion of the other basal 
determinations does not materially change this average. 








(where she spent 6 months during the summer of 1922) from a 
basal level of 20.5 calories to the one of 16.5, as charted in Table 
II, from which she did not deviate throughout the winter. Dur- 
ing the summer of 1923 the dog again lived in the country, and 
again cage life in the laboratory produced the same change as in 
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the preceding year. Thus, the basal metabolism, which on Octo- 
ber 31, 1923, was 20.6 calories, gradually declined until December 
5, whenit reached 16.4 calories, at which level it subsequently 
remained constant. The phenomenon of “cage life’? unquestion- 
ably has its counterpart in the human family also. 


B. The Effect of Ingesting Various Proteins. 


Rubner (14) found that the specific dynamic action of gelatin 
was almost the same as that of meat, and Falta, Grote, and 
Staehelin (15) made a similar observation with casein. We 
have systematically investigated proteins of both animal and 
vegetable origin, and the results we obtained are summarized in 
Chart I. 

In this series of experiments we gave in each case an amount 
of protein material that contained 6 gm. of nitrogen. In the 
case of the dry proteins sufficient water was added to make the 
water content of the ingested substance approximately equal to 
that of 200 gm. of beef; 2 gm. (0.156 gm. of nitrogen) of Liebig’s 
extract of beef were also added to these proteins to supply flavor. 
Lusk (1) has shown that, when taken in this amount, Liebig’s 
extract has a negligible influence upon the metabolism and does 
not cause the nitrogen output to increase more than 0.04 gm. 
per hour, a factor that has been neglected in our calculations. 

1. Beef—200 gm. of beef heart, cut free from fat and connec- 
tive tissue, were given, and the determinations of the metabolism 
were begun 1 hour later. The heat production in three experi- 
ments rose to 22.3, 21.5, and 22.3 calories per hour, increases of 
35.6, 30.3, and 35.6 per cent above the basal metabolism. The 
average increase was 33.8 per cent (Table ITI). 

2. Casein.—In contradistinction to beef, casein contains no 
glycine whatever and only 1.5 per cent alanine. Yet in two 
experiments after giving this substance, the heat production rose 
to 21.7 and 21.4 calories, an average increase of 30.7 per cent 
over the basal metabolism (Table IV). 

8. Gliadin.—Gliadin was a rather difficult substance to give. 
The dry powder, when mixed with water, formed a gummy, 
stringy mass which the dog would not eat and which could not 
be introduced by stomach tube. We found, however, by adding 








R.Q.080 086 080 O81 082 O81 083 
— i648 2130 21.54 21.59 22.05 22.21 22.30 
----16.86 2100 21.42 21.65 2235 22.15 21.20 


ZINCREASE 
OVER BASAL. 29.22 3067 31.01 33.80 34.77 35.32 
GAL. — Heat CALCULATED. 
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Cuart I. The rise in heat production after giving beef, gelatin, casein, 
gliadin, chicken, and codfish in amounts containing 6 gm. of nitrogen. 

— Calories by indirect; --- calories by direct calorimetry. Calories of 
protein metabolism in crisscrossed portions. 
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100 ce. of 0.5 per cent HCl to the 37.5 gm. of gliadin which com- 
posed the test diet, and whipping this with a glass rod, that a 
mixture was created which, while still somewhat sticky, was 
frothy and light, and not unlike a sort of thin batter. This 
concoction, when flavored with Liebig’s extract, the dog lapped 
with avidity. 

We were here dealing with a protein which, like casein, has no 
content of glycine, has only 2.5 per cent of alanine, and, moreover, 


TABLE IIT. 
Beef, 200 Gm. 
(Average per hour of 4 hour period.) 


























Experi- D ) oO Urinary | Calories. | Increase 
ment No. ate. RQ. | CO: | an N. | ———— |over basal. 
| Indirect.| Direct. | 
1923 | on. | gm. gm. | per cent 
98* | Feb. 2] 0.81 | 7.64 | 6.87 | 0.409 | 22.34 | 22.41 | 35.6 
103* | “ 15] 0.84 | 7.48 6.47 | 0.252 | 21.47 | 22.58 | 30.3 
10st | “ 17| 0.83 | 7.75 | 6.82 | 0.388 | 22.34 | 22.24] 35.6 
| | | | 
| | | 
Average............. af 7.62 | 6.72 | | 22.05 | 22.40 | 33.8 





* 2nd and 8rd hours after food. Animal restless thereafter. 
t 2nd, 3rd, and 4th hours after food. Animal restless thereafter. 


TABLE IV. 
Casein, 43.67 Gm. 
(Average per hour of 4 hour period.) 





| Calories. 














| | | 
Baet. | pate | ra. | cor | on | Uiguy | CAT | topo, 
| | Indirect. | Direct. 
| 1923 | | gm. gm. gm. per cent 
| | | 
108 | Feb. 27) 0.80 7.26 6.58 | 0.285 | 21.66 | 21.13 31.4 
114 | Mar. 8) 0.81 7.23 6.51 0.268 | 21.41 21.71 29.9 
| | | 
} 
aaa | 7.25 | 6.55 | 0.277 | 21.54 | 21.42 | 30.7 








contains 44 per cent of glutamic acid, which Lusk (1) found to 
have practically no influence upon the heat production. Never- 
theless, the metabolism, following the ingestion of gliadin, showed 
an average increase of 35.3 per cent over the basal, an increase 
that was the same as in two of the three experiments after giving 
beef (Table V). 
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a. The Effect of HCl Alone and When Added to Casein.—The 
necessary addition of HCl to the gliadin mixture in order to make 
it more edible introduced a foreign element that required investi- 
gation. Atkinson and Lusk (16) found that 200 ec. of 0.4 per 

TABLE V. 
Gliadin, 37.5 Gm. 
(Average per hour of 4 hour period.) 





Calories. 





Experi- " ~, | Urinary Increase 
ment No. Date R.Q. COz | O2 y nes pene epee 
Indirect.| Direct. 
1923 gm. gm. | gm. per cent 


111 Mar. 3] 0.83 | 7.78 | 6.84 | 0.395 | 22.36 | 21.60 35.7 
137 | Apr. 17) 0.84 | 7.80 | 6.77 | 0.375 | 22.24 | 20.85 35.0 


oe ee ee 7.79 | 6.81 22.30 | 21.22 35.3 





TABLE VI. 
The Effect of 0.5 Gm. of Hydrochloric Acid. 
(Average per hour of 4 hour period.) 





| : Calories 3 
Food. Experiment | n < 2 @., 
ss : fl ats | @ = B 83 
& ot ar. = | 3 = | am 
Moe eee kk AL SE Ee oe 
1923 | gm. | gm. | gm. | nosh 
Basal............| Average. | 0.805.: 57/4. 92 0. 103,16. 4816.96 
HCl, 0.5 gm.....| 113* Mar. 7,0.795.755.310.107|17.61/17. 89 6.9 
Casein, 43.67 gm.| Average of| | 
Nos. 108 } | | 
and 114. | 0.807. 25 6.550.277 21. 54.21. 42 30.7 
“ 43.67 “ | | onl “| | 
and HCl, 0.5 
Sa pe 116+ Mar. 140. 80,7. 07 6. 46 0. 285 21.13 20.89 28.2 





* 2nd hour after HCI was administered. Animal restless thereafter. 
t 3rd, 4th, and 5th hours after food. 


cent HCl increased the hourly metabolism in a dog from 20 to 
21.25 calories; and Lusk (17) later gave to the same dog that was 
used in the present experiments 300 ce. of 0.6 per cent HCl with 
a consequent rise in the heat production of 1.55 calories per hour. 
Upon ingesting 100 ce. of 0.5 per cent HCl we obtained an increase 
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of 1.31 calories or 6.9 per cent above the basal level (Table VI). 
It appeared that this might have to be reckoned with in the calcu- 
lation of the gliadin results. 

We observed that the dog, while not active during the experi- 
ment with hydrochloric acid, appeared to be wakeful and alert. 
It seemed possible that such influences as these would tend to 
raise the metabolism and might be due to an irritating effect 
of the acid upon the stomach, which might be eliminated by the 
neutralizing effect of the acid with a protein. Accordingly, the 
same quantity of 0.5 per cent HCl (100 cc.) was added to casein, 
which had already been studied and found to increase the metabo- 
lism over 29 per cent. The mixture was similar in physical 
appearance to that when HCl was added to gliadin, and the in- 


TABLE VII. 
Codfish, 218.2 Gm., and Chicken, 157.1 Gm. 


(Average per hour of 4 hour period.) 








Calories. 











| e 3 
a |Experiment « a | @. 
— | No. 4 es i gs ea 
| s | > | ~— Ss = | 8 £2 
Rigagi&£&ialsisizi 
Qa | &® |} Oo} oO ~ = | & on 
ee - —|——|——- ——-|- ace Te Be 
1923 gm. | gm. gm. peal 
ere 109 Mar. 1 0.82 7.65 6.840.439 22.21 22 15 314.8 
Chicken........ 112 “ 6 0.81 7.37) 6 580.327 21.59 21.64 31.0 








crease of heat production when it was given was 28 per cent (Table 
VI), an increase that was practically the same as when casein 
was given alone. Therefore it seems reasonable to suppose that 
the quantity of HCl that was added to the gliadin had no appre- 
ciable influence upon the specific dynamic action of the latter, 
particularly in view of the fact that during the experiments de- 
termining the effect of this protein the dog was extremely quiet. 

4. Codfish and Chicken.—According to Osborne and Jones 
(18), fish contains no glycine and a questionable trace of alanine, 
while chicken contains only 0.68 per cent glycine and 2.28 per 
cent alanine. Nevertheless, the specific dynamic action of 
both codfish and chicken proved to be substantially the same as 
that of beef. Thus, when 218.2 gm. of codfish were given, the 
metabolism rose to a level of 22.21 calories per hour, an increase 
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of 34.8 per cent over the basal; and when 157.1 gm. of chicken 
were ingested, the heat production was raised to 21.59 calories 
per hour, an increase of 31 per cent (Table VII). Both foods 
contained 6 gm. of nitrogen. 

5. Gelatin—Gelatin contains approximately 26 per cent of 
glycine; nevertheless its behavior was not markedly different 
from that of the other proteins studied. In fact, it showed a 
slightly lower specific dynamic action than did any of the others, 
the average increase in two experiments being 29 per cent (Table 
VIII). 

a. The Effect of Ingesting Cystine with Gelatin.—Gelatin is an 
incomplete protein, lacking, among other amino acids, cystine. 
The recent observations of Hopkins (19) have shown that a com- 


TABLE VIII. 
Gelatin, 38.74 Gm. 


(Average per hour of 4 hour period.) 





Calories. 


























| | 
Experi- | - Urinary | Increase 
ment No.| Date. R.Q. CO: | N. m2 Te. 
| | Indirect.| Direct. | 
} 1923 | | gm. gm. | gm. per cent 


5 | 6.43 | 0.371 | 21.19 | 21.68 | 28.6 
2 | 6.48 | 0.381 | 21.41 | 20.30] 29.9 








29.3 








Average............... | 7.64 | 6.51 | 21.30 





*2nd and 3rd hours after food. During the 4th and 5th hours the dog 
was active. 


bination of glutamic acid with either cystine or its reduced form, 
cysteine, exists in wide distribution though in low concentration 
in animal tissues. This substance—glutathione—can act as a 
reducing agent in its reduced form, or as a hydrogen acceptor 
and catalyzer of oxidation in its oxidized form. 

In view of the fact that the formation of this substance could 
not take place at the expense of the gelatin molecule, it seemed 
possible that the specific dynamic action of the gelatin might 
be increased by adding 1 gm. of cystine to the quantity of gelatin 
that was ordinarily ingested. If glutathione were subsequently 
formed, it might exert a catalytic function upon the oxidations 
within the body cells, and thus increase the heat production above 
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that which resulted from the ingestion of gelatin alone. There 
was also the possibility that glutathione might hasten the break- 
down of the amino acids of the gelatin itself, and thus indirectly 
increase the specific dynamic effect by flooding the tissue cells 


TABLE IX. 
Comparison of Gelatin Given Alone and with Cystine. 
(Average per hour of 4 hour period.) 












































| . Calories. 5 
| Experiment | j 2 i" i a 
Food. No. . Fy 8 “ HE 
| £€ |eolel|,/d]3] 2 [83 
| 8 S/o} Ss] 5 x | als 
1923 gm. | gm. | gm. | 7 
| } 
Gelatin......... Average of | 
Nos. 101 | | 
and 141.*| 0.867. 64/6. 46/0. 371)21.30/20.99 ™ 2 
Gelatin and | 
cystine....... | 143 | May 2 \0.86)7. 63/6 .47|0. 354/21. 38/21. $2)29.7 
*See Table VIII. 
TABLE X. 
The Nitrogen Elimination, 
No. of experiments. Diet. a —— | Nitrogen per hr. 
; | 
gm. gm. 
18 | Basal. 0.10 
1 HCl, 0.5 34 0.11 
2 | Casein, 43.67 53 0.28 
1 Chicken, 157.1 5} 0.33 
2 Gelatin, 38.74 54 0.37 
3 Beef, 200 53 0.39 
2 Gliadin, 37.5 53 0.39 
1 Codfish, 218.2 5 0.44 











with the intermediate products of gelatin digestion, which would 
in turn stimulate the activity of the cells. 

The results, however, proved to be negative (Table IX). Gela- 
tin alone increased the heat production 29 per cent and, when 
ingested with 1 gm. of cystine,! the resultant rise in the heat pro- 
duction was 30 per cent or virtually the same. 


1 Kindly given to us by Dr. S. R. Benedict. 
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6. The Nitrogen Elimination.—Table X gives the figures for 
nitrogen elimination. It will be seen that the elimination varies 
considerably for different proteins in spite of the constancy of the 
increase in metabolism when they are administered. 


C. Alcohol Checks. 


The soundness of the data obtained in these experiments is 
established by the alcohol checks carried out during the period of 
the experiments (Table XI). 

TABLE XI. 
Alcohol Checks. 





























, = | Calories per hr. ; 
Experiment No. | Date. R.Q. ees as Difference. 
Indirect.* | Direct. 

1923 | cals. 
168 Jan. 4 | 0.663 25.15 23.45 —1.70 
169 - 5 0.672 27.16 | 27.94 +0.78 
170 ae 0.678 |} 25.10 | 25.42 +0.32 
171 “ 2 | 0.662 | 30.54 | 31.03 | +0.49 
172 Mar. 9 0. 668 | 25.75 26.08 | +0.33 
173 May 3 | 0.659 | 24.90 25.42 | +0.52 
174 “11 | 0.670 23.42 | 23.35 —0.07 
175 “ @.| 0.0 | 21.65 | « 22.37 | +0.72 
ER, cca siccedawe ese 0. 667 25.46 25.63 | 4-0.17 
* Calculated upon the COs. 
Maximal O, error = —1.86 per cent (Experiment 170). 
- - = a ete * - 173). 


V. CONCLUSIONS. 


1. Six proteins of both animal and vegetable origin, namely 
beef, casein, gliadin, codfish, chicken, and gelatin, when given to 
a dog in portions each of which contained 6 gm. of nitrogen, showed 
approximately the same specific dynamic action. These proteins 
are of widely differing amino acid content. 

2. The addition of cystine to gelatin did not increase the specific 
dynamic action of the gelatin. If glutathione was formed under 
these circumstances its lack of stimulating effect upon the me- 
tabolism may have been due to the fact that it was already pres- 
ent in optimum concentration in the tissues (Hopkins.) 
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3. 0.5 gm. of hydrochloric acid in 100 cc. of water, when given 
alone, increased the metabolism slightly, but it was observed that, 
although the dog was not active, she was alert—due, possibly, 
to the irritating effect of the acid—which is held to account for 
the increase. When mixed with casein this quantity of hydro- 
chloric acid did not add to the specific dynamic action of the 
casein. 

4. Attention is called to the absolute constancy of the basal 
metabolism over a period of 15 months. 
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I. INTRODUCTION. 


In the preceding paper of this series one of us has demonstrated 
that the specific dynamic action of proteins of varied amino acid 
content is not proportional to their content of glycine and alanine, 
both of which amino acids are powerful stimulants to a higher heat 
production in the animal body. The present paper is an attempt 
to elucidate this anomaly. It might be that the similarity of 
widely differing proteins is due to a constant and equal synthetic 
production from them of the amino acids, glycine and alanine. 
Csonka, however, in a paper to follow this one, has shown that 
when a pig is continuously given benzoic acid the quantity of 
glycine synthesized from casein is far less than the amount which 
is produced and eliminated after the administration of gelatin, 
In the present work an attempt has been made to investigate 
whether preformed glycine in gelatin reacts the same way as 
ingested glycine. For example, 10 gm. of glycine induce about 
one-half the increase in heat production of that after giving 20 
gm. If the action of preformed glycine in gelatin were the same 
as crystalline glycine, then when the two materials were adminis- 
tered in portions each of which was the equivalent of 10 gm. of 
glycine, there should be a much larger increase in heat production 
than if either were given alone. To verify the results obtained 
gelatin was also given per os at the same time that glycine was 
administered parenterally, either subcutaneously or intravenously. 
For comparison, alanine and casein were also used as foods in 
the course of the experiments. The outcome was such as to lead 
to the investigation of the behavior of the body when two half 
portions of meat and casein were given together, and this result 
was compared with the levels of metabolism reached after ad- 
ministering one portion of each food material. And this was 
followed by an investigation into the reaction of the body when 
glycine and asparagine were given together. The outcome of the 
investigation shows that the physiological behavior of the iso- 
lated amino acids is different from that of the polypeptides formed 
in digestive proteolysis. 

The experimental procedure did not differ markedly from that 
adopted in previous papers of this series. The maintenance diet 
was varied in so far as it contained 20 gm. of butter instead of 
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lard, in addition to the customary 100 gm. of biscuit meal, 100 
gm. of beef heart, and 10 gm. of bone ash. For some months 1 
gm. of yeast vitamin (Harris) was added to the daily diet, but 
this was later discontinued. The administration of the yeast had 
no apparent effect either upon the general condition of the dog or 
upon the basal metabolism. Experiments were begun about 
18 hours after the administration of the maintenance diet, and 
the precautions hitherto described in reports from this laboratory 
were taken to exclude the influence of muscular activity and ex- 
ternal temperature while the animal was in the dark chamber of 
the calorimeter. 


II. METHODS OF CALCULATION. 


Certain of the difficulties inherent in the calculation of the 
protein metabolism have been described in the preceding paper 
of this series (1) when a single protein was administered. Even 
if it were feasible to use the factors appertaining to a particular 
protein when it alone is given, it becomes still more complicated 
when two or more proteins are given together, for we have no 
means of determining what percentage of each is being me- 
tabolized in a given time. Hence, the experiments, for the most 
part, were calculated upon the average hourly excretion of nitrogen 
as though meat had been the metabolized protein. The error, 
as has been pointed out, is negligible. 

In those experiments in which successively larger quantities 
of meat up to 800 gm. were administered, the calculations were 
based on the nitrogen excretion of the 5th hour after the intake 
of the diet. 

Another exception was made to the general rule. The rates of 
metabolism of glycine and alanine have been established with a 
fair degree of accuracy by Csonka (2) on the basis of the rapidity 
of the excretion of sugar derived from these amino acids in phlor- 
hizin diabetes. In those experiments in which glycine or alanine 
alone, or glycine and alanine together, were given, the calculations 
were based on Csonka’s figures, as described by Lusk (3). Never- 
theless, it is interesting to note (Table I) that here also the total 
metabolism remains nearly the same whatever the method of 
calculation, although the allocation of calories to “protein’”’ and 
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“non-protein” metabolism varies considerably, and, in the case of 
glycine, the non-protein respiratory quotient also changes. 

In all the accompanying charts the portions crisscrossed rep- 
resent calories of protein or amino acid metabolism. 


TABLE I. 


Comparison of Experiments Calculated upon Factors for Meat and for 
Amino Acids. 

















| | 4 Calories. 
4 
ce a 
aif o o = 
~i(S8iBl ai 3 
\#)2)e | 2 |e 
I. Glycine. | | 
(Experiment 119) a. Calculated on meat; 
factors.......... (0.88:0.95) 9. 09) 10. 6719.76 


| 


cine factors... ..'0. =. 85 ae ie 19.98 
II. Alanine. | | 
(Experiment 125) a. Calculated on meat) 
Se ee 0.83,0.85,11.24) 9. 79 21.03 
b. Calculated on ala-| 
nine factors..... 0. 83.0. 83 8. 43, 12. 87) ‘1. 30 


b. Calculated on ely- | 





* The phrase “‘protein,’’ used for convenience, indicates the combined 
metabolism of protein and amino acid; and ‘‘non-protein,’’ the carbohy- 
drate and fat metabolism. 


III. EXPERIMENTAL PART. 
A. The Basal Metabolism. 


In the preceding paper of this series attention has been called 
to the constancy of the basal metabolism in Dog XIX over a 
period of 15 months. This period included the present research, 
and the figures given in the table published in that paper are in 
part those of basal determinations made during the course of the 
experiments that we are now reporting. The average of all the 
basal determinations is 16.52 calories an hour; that of the deter- 
minations made during the present experiments was 16.53 calories 
an hour. This similarity and the lack of noteworthy deviation 
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in individual determinations has led us to adopt the same basal 
level that was used in the preceding paper as a basis for measuring 
percentage increases; namely, 16.48 calories. 


B. Ingestion of Glycine or Alanine with either Casein or Gelatin. 


While the evidence for the synthesis of alanine in the body is 
slight, it is known that a synthesis of glycine can occur. For 
example, a new-born baby, subsisting on a pure milk diet, the 
proteins of which contain no glycine, is capable of adding to its 
own store of body protein, which, of course, contains glycine. 
It is obvious that glycine must have been built within the baby’s 
body. Moreover, the synthesis of glycine in the animal body has 
been indicated by many experiments in which benzoic acid was 
administered. It has been computed by Lusk (4) from the figures 
of various workers that as much as “35, 37 and 38 per cent of the 
total endogenous protein metabolism of man, goat and pig may 
pass through a glycine stage and be eliminated in the urine’ 
when benzoic acid is ingested. Since the body proteins and in- 
gested proteins, in these cases, contained only about 4 per cent of 
glycine, a synthetic production of glycine must have taken place. 

If glycine were formed in the metabolism of casein, then if 
additional glycine were added to the diet, there might be a summa- 
tion of effect, such as Lusk has found after doubling the ingested 
quantity of glycine. To test this proposition, casein, which alone 
had given an increase of 30.7 per cent above the basal metabolism, 
and 10 gm. of glycine, which alone induced an increase of 21.4 
per cent, were given, together with 2 gm. of Liebig’s extract and 
150 cc. of water. The rise in the heat production induced by this 
mixture was 29.8 per cent (Table II). There was no summation 
of effect whatever. 

One might argue from this that the ingestion of glycine with 
casein merely rendered glycine synthesis unnecessary and that the 
quantity metabolized was in both instances the same. This is 
not true because Csonka (see the following paper) finds a much 
greater elimination of hippuric acid after giving glycine with 
casein and benzoic acid to a pig than if casein and benzoic acid 
are given together. 

Lusk (3) found that the ingestion of 20 gm. of glycine produced 
twice the specific dynamic action that the ingestion of 10 gm. of 
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Cuarr I. The effect of ingesting glycine or alanine with casein. The 
crisscrossed sections represent calories from protein and amino acids. 


glycine did, the ratio being 67.5 calories to 33.4 calories in four 
experiments which were all carried out over a period of 7 hours 
after giving the material. During a period of 4 hours this quanti- 
tative relation does not appear, probably on account of the 
longer duration of the action of the larger quantity. The rise in 
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Cuart Il. The effect of ingesting glycine with alanine; and of ingesting 
glycine or alanine, or both together, with gelatin. 


heat production on giving 10 gm. of glycine was 21.42 per cent, 
and on giving 20 gm., was 30.89 per cent (Table III). 

It is clear that upon doubling the amount of glycine adminis- 
tered there was a very considerable increase in the specific dynamic 
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action. When we gave the dog 10 gm. of glycine, mixed with 
38.74 gm. of gelatin—which latter would have yielded, on hy- 
drolysis, 10 gm. of glycine—the result was practically the same as 
when gelatin was given alone (Table III). Thus, 38.74 gm. of 
gelatin increased the metabolism by 29 per cent; gelatin and 
glycine increased it by 28 per cent. 

The lack of summation when glycine was added to the protein 
of the diet was not due to the physical effect of incorporating 
the dissolved glycine into the gelatin mixture. For (Table III) 
when we gave 10 gm. of glycine with a small amount (10 gm.) of 
gelatin, the specific dynamic action of the mixture was greater 
than that of 10 gm. of gelatin given alone, and greater also than 
that after giving glycine alone. Gelatin evidently was not given 
in sufficient quantity to neutralize the effect of ingested glycine 
and a summation effect ensued. When a large amount of glycine 
(20 gm.) was added to 38.74 gm. of gelatin, an increase in the 
specific dynamic effect was likewise observed (Table III). 20 gm. 
of glycine had increased the metabolism 30 per cent; 38.74 gm. 
of gelatin had increased it 29 per cent; the mixture of the two 
increased it 36 per cent. Evidently, after giving 20 gm. of glycine 
the neutralization of its specific dynamic action did not appear to 
be complete. There must be something in the gelatin which 
is capable of neutralizing the effect of added glycine. 

A critical analysis of the results reveals the following relations. 
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In view of the powerful effect of alanine upon metabolism, 
the result of giving it with a protein was also investigated, with 
findings similar to those that were obtained when glycine was 
employed. An amount of 7-alanine (16.85 gm.) containing the 
same number of metabolizable molecules as 10 gm. of glycine, 
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assuming 70 per cent of the ingested 7-alanine to be metabolizable 
(3), when given to the dog showed an increased heat production of 
21 per cent (Table I); given with casein, the increase was 33 per 
cent over the basal; while casein alone induced an increase of 
31 per cent. When alanine was given with gelatin the rise in 
heat production was 30 per cent (Table IL), while gelatin showed 
a 29 per cent increase. Again the lack of summation is evident. 

The specific dynamic action of casein or gelatin, when given with 
glycine or alanine, may be no greater than if the protein be ingested 
alone. 

If the quantity of gelatin is small in relation to the amount of 
glycine administered, a true summation occurs, indicating that the 
protein contains a material capable of neutralizing the specific 
dynamic effect of glycine. 


C. Ingestion of Glycine and Alanine with Gelatin. 


Gelatin (38.74 gm.) was mixed with 10 gm. of glycine and 
16.85 gm. of alanine. The ingestion of this mixture produced 
(Table III) a specific dynamic action that was hardly greater 
than that of gelatin alone, or of the two amino acids administered 
together. Thus, gelatin increased the heat production 29 per 
cent; glycine and alanine ingested together increased it 32 per 
cent; the mixture of all three increased it 34 per cent. There was 
no summation of effect, for if the specific dynamic action of each 
of these substances—when ingested alone—had been added 
(gelatin, 29 per cent; glycine, 21 per cent; alanine, 21 per cent), 
the metabolism would have been raised 71 per cent. 


D. Ingestion of Beef in Increasing Quantities. 


We have seen that an amino acid and a protein, given together, 
mask each other’s effect. We have also noted that increasing 
amounts of an amino acid produce successively greater specific 
dynamic actions. It seemed advisable to reinvestigate the effect 
of giving successively greater amounts of an individual protein. 
Rubner laid down the dictum that the specific dynamic action of 
a protein is proportional to the amount ingested. We gave beef 
in increasing quantities, beginning with 200 gm., and then in 
following experiments giving 400, 600, and 800 gm., respectively. 
The results are summarized in Table IV. 








To] 
N 
uD 


R. Weiss and D. Rapport 

















¢'6g | P8'9% | 62'9% |(49¢°2) |(422°0) 
ZS | 48°h | 16°%% \(1e2°D) |(4*8'0) 
TSE | €9°€% | $L°% 9%'E 16'0 
8°6Z | 20°22 | OF IZ ¥6'8 80 
quao sad 

*peseq “pend -qoouipuy ‘saLz0q" ¥ ou 
J0A0 

esvelouy “*SOLIOTBO [890], "u1aj01d-u0N 











LlZ'T 
986 0 
gé2'0 

Lb °0 


“ut 





*‘poos 10458 
“74 49 
N Asvuuyg 





‘mmoy 44g Zulinp <Atyoe Zoq 





99°6 | €8°0 |r», 


06°8 
$0°8 
GPL 


“uo 


"09 








*[BIIey8uI pozisodeg | 


“pooy 10458 sinoy 3p pu ‘pig ‘pug, 











SFI » 008 » 
180 [OL » ME so eee e ee ewecesevece » 009 5 
z8'0 a . WE «rr rrereeceecercese » OF » 
180 Ig ABW «SPI eee ee us 00Z ‘yo0g 
08 0 ‘OBBIVAY TerTrrerrrrnen yf . de | 
8é6I 
Ou ‘wd ae. Pe Ma 














(‘porsed inoy F jo anoy sod o3visay) 
‘faag fo sarpjunnf) bursvasouy fo uowsabuy ay J 
“AI ATAVL 








526 Animal Calorimetry 


RQoaso o8! o8s2 oO8! 083 
Non-ProtR.Q 0.82 091 (084) (72) 
— 1648 2140 22.75 2491 26.29 

----- 16.86 2202 23.63 2487 2684 

































































% \NCREASE 
OVER BASAL 29.84 3605 5115 59.53 
CAL. KXX 
—HeatCarccurated Xxx’ 
e2ece ” \X & 
30 FOUND sates 
25 
20 
puusese” B 
1S , S 
10 
. S 
xs 
“ 
BASAL , 200 Gm. 400 Go. 600 Gm. 800 Gm, 
lor BEtF 
Ke 42 ws 4 147148 
122 
129 


Cuart III. The rise in heat production after giving 200, 400, 600, and 
800 gm. of beef. 











R. Weiss and D. Rapport 527 


The increase in the heat production on giving 200 gm. of beef 
on May 8 was 30 per cent. With each additional 200 gm. given 
there was an increase in the heat production of about 10 per cent. 
Thus, with 400 gm. the total increase was 38 per cent; with 600 
gm. it was 51 per cent; with 800 gm. it was 60 per cent. It is 
clear that, while the specific dynamic action of the beef increased 
with each successive increase in the amount ingested, it was not 
true that the effect was a linear function of the amount ingested. 

However, as previously shown by Lusk, if one estimates the 
amount of beef protein actually metabolized, the curve is more 
nearly parallel to that of the specific dynamic effect. Of the 
amount metabolized the best criterion is afforded by taking the 
nitrogen excretion at its peak, which occurs about the 5th hour 
after administering large quantities of beef. The reason for this 
has been frequently expounded. Using this as a comparable 


TABLE V. 
Influence of Increasing Quantities of Beef. 





| 200 gm. | 400 gm. | 600 gm. 800 gm. 





Increase in total calories per hr.......... | 4.92| 6.27| 8.43] 9.81 
" “protein “ ec Nie oe eb 9.74 | 16.77 | 23.42 31.13 
Metabolism of 100 protein calories causes | | 
increase in total calories................ | 50 | 37 5 | 36 | 32 





measure of the quantity of protein metabolized during the earlier 
hours, one obtains the results shown in Table V. 

It is probable that the nitrogen elimination of the 5th hour 
after giving 200 gm. of meat may have been an improper expres- 
sion of the protein metabolism of the 2nd to 5th hours following 
the ingestion of this small quantity of meat. 

Turning to the older work of Williams, Riche, and Lusk (5) 
and recalculating the values according to the method above de- 
scribed, one finds, after giving 1,200 and 700 gm. of meat to Dog I 
that for each 100 calories liberated from extra protein metabo- 
lized during the 2nd to 5th hours, inclusive, there was an extra 
heat production, respectively, of 37 and 35 calories in total 
metabolism. 

The relative values may therefore be summarized as in Table VI. 

Calculated in the same fashion for Dog I, the hours next follow- 
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ing show somewhat higher values than those given above; i.e., 
44 calories of extra heat production for every 100 calories of 
increase in protein metabolism. It is probable that the true 
specific dynamic action is measured by the factor 45, as found for 
the 24 hour period by Williams, Riche, and Lusk, and that the 
lower figures during the 4 earlier hours are due to the fact that the 
protein metabolism of the 2nd and 3rd hours after meat ingestion 
cannot be measured by the nitrogen in the urine of the 5th hour, 
even though this constitutes a better measure of the protein 
metabolism of these early hours than does the nitrogen excretion 
of the hours themselves. 
TABLE VI. 


The Specific Dynamic Action of Meat during the 2nd to 5th Hours Following 
Its Ingestion. 








Every 100 calories of protein 
Dog No. Meat ingested. metabolized increases 
total metabolism. 

gm. cals. 
XIX 200 50 

XIX 400 37.5 
XIX 600 36 
I 700 37 
XIX 800 32 
I 1,200 35 











It is clear that the specific dynamic action increases when the 
amount of protein metabolized increases, just as it increases when the 
amounts of glycine and alanine metabolized increase, but that if these 
amino acids are given with a protein, their specific dynamic effects 
may be neutralized. 


We were able in these experiments incidentally to confirm the obser- 
vations of Atkinson, Rapport, and Lusk (6), who found that after giving 
very large quantities of beef there was a conversion of protein into fat. 
In the present experiments, when 200 gm. of beef were administered, the 
total metabolism was 21.40 calories, the protein metabolism was 12.46 
calories (as calculated from the urinary nitrogen), the respiratory quotient 
was 0.81 and the non-protein respiratory quotient was 0.82, the latter 
indicating that the non-protein metabolism was about 40 per cent of fat and 
60 per cent of carbohydrate. When 400 gm. of beef were given the total 
metabolism was 22.75 calories, of which nearly all was protein (19.49 calo- 
ries). The non-protein respiratory quotient was 0.91, indicating that of the 
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small non-protein metabolism, about 70 per cent was of carbohydrate origin. 
When 600 gm. of beef were given the number of calories that were theoreti- 
cally available from the ingested protein was 26.14. Of these only 24.91 
calories were metabolized, indicating a deposit of material in the body. 
This material, if oxidized, would have had a respiratory quotient of 0.82; 
that is, it was composed of about 40 per cent of fat and 60 per cent of carbo- 
hydrate. When 800 gm. of beef were given the deposit would have yielded, 
if oxidized, 7.56 calories, with a respiratory quotient of 0.72, indicating that 
the material deposited was entirely fat. 


E. Ingestion of Glycine and Alanine Together. 
Lusk (3) found that when glycine and alanine were given 
together there was'a definite summation of effect. Thus, in a 


TABLE Vil. 
The Ingestion of Beef and Casein Together. 
(Average per hour of experimental period.) 






































| | | | Calories. | b 
| | | } | > 
° | | 4 ° 
Food. | Pxpgyiment | Date. |R.Q./CO:/O] p | ¥ | | | Bo 
NO. | & ¢ 3 | 53 
le/% | {8 
| ae ee! oe ; 2 — | a 
| | 1928 gm. | gm. | gm. | | Ber 
Beef, 200 gm...| Average of 0. 83/7. 62/6. 72,0. 350/22. 05 22. 40 33.8 
| Nos. 98, | 
103, and | 
| 104. 
Casein, 43 67 | 
gm...........| Average of| 0. 80)7. 256.55 0.277 21.5421. 42 30.7 
| Nos. 108 | 4 | | | 
| and 114, | | 
Beef, 100 gm., | | | | | 
and casein, | eg 
21.84 gm..... 131 | Apr. 6 | 0.82)7.49 6.62 0.31421.77 21.62/32.1 





dog weighing about 11.5 kilos, 5.5 gm. of glycine raised the heat 
production 7.3 per cent; 5.5 gm. of alanine increased it 7 per cent; 
while the two mixed together raised it 18 per cent. 

In the preliminary reports of this work it was stated that this 
result could not be confirmed. The statement was based on a 
single experiment in which 16.85 gm. of alanine showed an increase 
in metabolism of 29 per cent. On repeating the experiment we 
found increases in metabolism of only 23 and 19 per cent, respec- 
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Cuart lV. The effect of ingesting beef with casein. 


tively, or an average of 21 per cent. Since 10 gm. of glycine also 
produced an increase of 21 per cent, and glycine and alanine to- 
gether one of 32 per cent, it is evident that there is a profound 
summation of effect. 
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F. Ingestion of Beef and Casein Together. 


The demonstrated power of casein and gelatin to neutralize 
the specific dynamic action of glycine suggested the possibility 
that two different proteins might neutralize each other. Does 
one partake of cheese after dining upon beefsteak because the 
amino acids of the former do not exercise a specific dynamic 
action but are neutralized by those of the latter? This led to 
investigating the behavior of two half portions of meat and 
contrasting the results with those obtained after giving full 
portions of either. 

200 gm. of beef increased the heat production 34 per cent and 
43.67 gm. of casein raised it 31 per cent. Upon giving half por- 
tions of each together, that is 100 gm. of beef and 21.84 gm. of 
casein, the rise in the heat production amounted to 32 per cent or 
as much as a full portion of each protein given alone would have 
induced. In other words, when casein and meat protein are in- 
gested together there is a summation of their specific dynamic action. 


G. The Factor of Intestinal Absorption. 


“1, Comparison of the Metabolism of Gelatin, and of That of 
Glycine Given with Gelatin, during a Period of 7 Hours.—It seemed 
possible that the neutralization of specific dynamic action of a 
protein and an amino acid when given together might be due to a 
delay in absorption of the ingested material from the intestine. 
To a certain extent the excretion of nitrogen might give us a clue 
to the solution of this problem. However, as before stated, the 
hourly rate of nitrogen excretion is a somewhat uncertain criterion 
of the rate of protein and amino acid metabolism. Moreover, 
this factor was too variable in our experiments to make it trust- 
worthy. It seemed therefore desirable to follow the metabolism 
of a protein like gelatin during a longer period of time and to 
compare this with a similar record when gelatin and glycine were 
given together. If the lack of summation in the latter case were 
due to slower absorption, the specific dynamic action ought to be 
prolonged and the heat production be greater in the later hours 
than when protein alone was ingested. Table VIII shows the 
hourly metabolism through the 7th hour after the administration 
of gelatin and of gelatin and glycine together. The curve is 
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plotted in Chart V. There appears to be no significant alteration 
in the course of the specific dynamic action in the two experiments. 


TABLE VIII. 
The Hourly Metabolism after the Ingestion of Gelatin Alone and of Gelatin 
and Glycine Together. 



































| ae | Calories. 
} — 
ra 3 
| Hrs. a ae 
Food. | after | COz/ O: | R. QQ) 33/3 e: 
food. 2 |% | 8 
H | Ge | | 8 
a. S§ | 3 3 
| |#slee) Bl adi 
| > eo Hj= Aas 
| 
| jo gm | gm. | | jaa 
Gelatin, 38.74 gm. | 2 |7.436.33 0.8500. 371 0.25820. 82 |20.81'26.33 
| 3 /7.746.47) 0.870.371 0.392/21.41 21.73.29.92 
| 4 |7.656.45) 0.870. 3710. 493 21.31 |20. 47.29.31 
| 5 |7.64,6.64| 0 850.3710. 560/21.80 |21. 76.32.28 
| 6 |6.77/6.38| 0.7/0. 3480. 683/20. 63 |20. 1625. 18 
| 7 6.87/5.97| 0.840. -348,0. 694/19. 60 21.2218.93 
I la ann sh | "7. 256 37| 0. 84 - (20.93 93 |21.03 27.00 
a aie rene ices Stee, OD pallets watt 
Gelatin, 38.74gm., and 2 17.76.77) 0.83/0.391. 22.18 120.59 34.59 
glycine, 10 gm.t 3 |7.236.26| 0.840.391 20.51 |21.28 24.45 
| 4 |7.736.09| 0.920.391 20.23 |21. 3722.75 
| 5 |7.796.52) 0.870.391 21.57 |20. 19.30.89 
| 6 |7.086.22) 0.830.746 20.08§ 19.85 21.84 
| 7 [7.126. 11) 0. 85,0. 746 20. 19§/21.79,22 51 
— eee '7.446.33 0.86 20.79 '20.83 26.15 





* This was obtained by giving the substance to be tested to the animal 
upon a day in which it was not put into the calorimeter. 

t Quiet. 2nd to 5th hours, average of Experiments 101 and 141 (see 
Table VIII, previous paper); 6th and 7th hours, Experiment 100. 

¢ 2nd to 5th hours, Experiment 118; 6th and 7th hours, Experiment 138. 

§ Since the oxygen consumption was slightly less than would suffice to 
oxidize the protein metabolized, as indicated by the urinary nitrogen, this 
experiment was calculated upon the CO, (using Loewy’s (7) factor of 1 liter 
of protein CO, = 5.579 calories). 


2. Parenteral Injections of Glycine with and without Oral Ad- 
ministration of Gelatin—Parenteral injections of glycine were 
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Cuart V. A comparison of the metabolism through the 7th hour after 
ingesting gelatin, and gelatin plus glycine. 


administered both subcutaneously and intravenously in order to 
establish the effect of these materials during the same interval 
of time as that in which gelatin was being absorbed by the intes- 
tinal tract. This would indicate whether gelatin exerted its 
neutralizing effect in the gastrointestinal tract or in the tissues 
themselves. 

Krzywanek (8) has reported extraordinary and _ irregular 
increases in the metabolism of dogs after administering glycine 
intravenously. Thus, in a dog weighing 7.3 kilos the intravenous 
injection of 5.4 gm. of glycine increased the heat production 107 
per cent at the end of 30 minutes and 72 per cent at the end of an 
hour. These astonishing results could not be confirmed. 

When given subcutaneously, 10 gm. of glycine were first dis- 
solved in 60 ce. of distilled water and injected at body temperature 
into the back near the vertebral column; when given intravenously 
the same ‘amount and volume of material were injected into the 
external jugular vein, the duration of the injection being between 
13 and 2 minutes. In neither case did the animal evince any 
distress. During and following the intravenous injection a slight 
quickening of respiration was sometimes observed. 
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Cuart VI. The effect of parenteral injections of glycine. 


~ In the earlier experiments gelatin gave an increase in metabolism 
of 29 per cent. For purposes of comparison these experiments 
were repeated a year later and an average increase of 29 per cent 
was obtained. It appears phenomenal that during a period of a 
year the basal metabolism remained constant and the body mass 
reacted with quantitative exactness to the stimulus induced by the 
administration of 39 gm. of gelatin. 
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10 gm. of glycine, injected subcutaneously, caused the me- 
tabolism to rise 15 per cent. When this subcutaneous injection 
of glycine was combined with the administration of gelatin by 
mouth the metabolism rose 31 per cent (Table IX), or no greater 
than the increase produced by gelatin alone. 

Similar results occurred when 10 gm. of glycine were injected 
intravenously and when this treatment was followed immediately 
by the ingestion of gelatin. The intravenous injection produced 
an increase in the metabolism of 19 per cent, and when this was 
combined with the administration of gelatin per os, the increase 
in the metabolism was 30 per cent. Again the lack of summation 

* is obvious. 

It is clear, therefore, that the complete absence of summation 
when gelatin and glycine were given together by mouth was not due 
merely to a delay in the absorption of the material from the gastro- 
intestinal tract. Whatever the reactions are that are responsible 
for the suppression of the specific dynamic action of these sub- 
stances when administered together, they may take place in- 
dependently of the intestinal tract. 

The increases in heat production between the 2nd and 5th 
hours after administering 10 gm. of glycine by different pathways 
to Dog XIX seem quite comparable (Table IX). 
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Little difference is to be observed. 


On account of the results obtained by Krzywanek shortly 
after intravenous injection of glycine, two metabolism observations 
of the second half of the 1st hour after the injections were made 
on Dog XIX with results which showed no increase in one case 
and one of 10 per cent in another. The heat production was 
measured from the oxygen consumption, for during this short 
period the respiratory quotient was 1.25, indicating a neutraliza- 
tion of alkaline carbonate by the glycine. The results may be 
thus epitomized: 
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Experi- | | Calories. Increase 
ment | Time. |} R.Q. | CO: O2 a 
No. | Indirect. |. Direct. | besal. 
| as om. Y es pee ~~ cent 
183 | 2ndhalfhr. | 1.25 | 3.82 | 2.22 | 7.48 660i 
; | 2nd hr. | 0.81 | 7.89 | 7.06 | 23.25 | 18.7 42 
191 | 2nd half hr. | 1.15 | 4.21 | 2.67 | 9.06 | 11.0 10 
| 7.58 | 6.27 | 20.93 | 19.5 


26 


2nd hr. | 0.88 





The research terminates only with a query. Is it possible for 
the amino acid, glycine, for example, to be chemically united with 
the products of gelatin or of casein hydrolysis so that it does not 
follow the same pathway in metabolism as it does when given 
alone? The possibility of difference in biological reaction of com- 
bined and uncombined proteins has lately been shown in Kossel’s 
laboratory by Felix and Morinaka (9) who demonstrated by liver 
perfusion that arginine was freely split into urea and ornithine, 
whereas arginine in peptide form was not destroyed by the liver. 

A possible method suggested itself from these reflections. Would 
asparagine, which is practically devoid of specific dynamic action 
(10), neutralize the effect of glycine? 


H. Ingestion of Asparagine and Glycine Together. 


Asparagine, being insoluble in water, was administered by mix- 
ing it with lard, a mixture which the dog ate readily (Table X). 
10 gm. of lard increased the metabolism 13 per cent; when as- 
paragine was mixed with lard the resultant rise in metabolism 
was slightly, but not significantly, higher; namely, 18 per cent. 
Glycine, mixed with lard in a similar manner, raised the me- 
tabolism 29 per cent, while the mixture of glycine, asparagine, and 
lard resulted in an increase of 25 per cent. While this is slightly 
lower than the resultant rise in metabolism when glycine and lard 
were given, the difference is too small to be significant, and we 
cannot say that the ingestion of asparagine with glycine has an 
appreciable effect on the specific dynamic action of the latter. 

Though the search may be long and wearisome, yet it is possible 
that some day an amino acid or some polypeptide group may be 
found which, when ingested with glycine, is capable of neutralizing 
its specific dynamic action. 
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I. The Nitrogen Elimination. 


Table XI summarizes the figures of the urinary nitrogen 
elimination. 


TABLE XI. 
The Nitrogen Elimination. 























No. of ‘ Urine Nitrogen 
——_ Diet. ectngies efter | per hr. 
hrs. gm. 
18 Basal. 18 to 21 0.10 
1 Lard, 10 gm. 5 0.12 
1 Beef, 100 gm. 54 0.23 
2 Asparagine, 15 gm., lard, 10 gm. 54 0 26 
1 Glycine, 10 gm. (subcutaneously). 5} 0. 26 
1 Casein, 21.84 gm., beef, 100 gm. 53 0.31 
3 Glycine, 10 gm. | 5} 0.31 
2 Glycine, 10 gm. (intravenously). 53 0.31 
1 - 10 “ lard, 10 gm. 53 0.31 
2 Alanine, 16.85 gm. 5} 0.35 
1 Gelatin, 37.84 “ | 6thand7th| 0.35 
1 Casein, 43.67 gm., alanine, 16.85 gm. 54} | 0.37 
1 “ 43.67 “ glycine, 10 «“ | 5} | 0.38 
1 Gelatin, 38.74 “ 10 ” 54 0.39 
2 Glycine, 10 gm. (subcutaneously), gelatin, | 54 | 0.40 
40.4 gm. | 
| Gelatin, 40.4 gm. 5} | 0.42 
1 Asparagine, 15 gm., lard, 10 gm., glycine, 5} | 0.42 
10 gm. | 
1 | Gelatin, 38.74 gm., glycine, 10 gm., alanine, | 5 0.43 
16.85 gm. 
1 Gelatin, 38.74 gm., alanine, 16.85 gm. } | 0.45 
1 Glycine, 20 gm. 54 | 0.46 
3 Glycine, 10 gm. (intravenously), gelatin, | 54 0.50 
40.4 gm. 
2 Alanine, 16.85 gm., glycine 10 gm 6 0.53 
1 Gelatin, 38.74 “ + @* | 64 0.58 
1 7 ee S) a 6thand7th| 0.75 
. ' | 





The first impression on considering these figures is that, when 
an amino acid is administered with a protein, the amino acid is 
in some way combined in the body and, therefore, is not me- 
tabolized. However, in the experiments that were continued 
through the 6th and 7th hours the nitrogen elimination rose from 
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0.35 gm. after the ingestion of gelatin alone to 0.74 gm. when 
gelatin and glycine were ingested, yet the calorimetric study of 
these hours showed no greater increase of metabolism after the 
administration of gelatin and glycine than after gelatin alone, 
notwithstanding the evident destruction of the amino acid. 

We are unable at the present time to advance a satisfactory 
explanation for these contradictions. Hence, the nitrogen elimi- 
nation in this series of experiments fails to throw light upon the 
reasons for the summation or inhibition, as the case may be, of 
specific dynamic effect which we have considered. This is prob- 
ably because the hourly nitrogen elimination is an untrustworthy 
index of the true protein metabolism in the experimental periods 
and, more particularly, of the metabolism of the individual 
amino acids. 


J. Relation to Former Work. 


At the International Congress on Hygiene and Demography, 
held in Washington in 1912, Lusk (11) differentiated between 
(1) a basal metabolism, (2) a metabolism of plethora due to an inflow 
into the blood of an excessive quantity of carbohydrate or fat, 
and (3) a metabolism of amino acid stimulation as induced es- 
pecially by glycine and alanine. He found that after adding 
glycine to a mixed diet consisting of biscuit meal, a little fat, and 
a small amount of meat there was no increase in the heat produc- 
tion above that produced by the ingestion of the same diet with- 
out glycine. He concluded: “the metabolism of plethora and 
the metabolism of amino-acid stimulation cannot be added to each 
other; there is no summation of effect when both influences are 
brought into action together.” 

3 years later Lusk (12) announced that “after giving glucose, 
50 gm., with glycine, 20 gm., the increase in the metabolism was 
almost as great as the sum of the increases induced when each 
substance was given alone. Alanine, 20 gm., followed the same 
law when given with glucose, 50 gm.”’ And he added: “This 
nullifies the author’s former opinion.” ; 

These relations were extended to the behavior of fat by Murlin 
and Lusk (13) and seemed to be in direct contradiction to the 
earlier work. 
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In view of the facts set forth in the present paper, it appears 
probable that the quantity of protein given in the mixed diet was 
sufficient to neutralize the effect of the glycine or alanine added 
to it. 

K. Alcohol Checks. 


The validity of the experimental data that we obtained is 
confirmed by the results of alcohol checks made at intervals 
during the course of the work (Table XII; see also previous paper). 























TABLE XII. 
Alcohol Checks. 
Sapgeiment Date. | R.Q. ee Difference. 
: Indirect. Direct. 
1928 cals. 
182 | Nov. 19 0. 667 23.08 22.86 —0.22 
183 | Dec. 26 0.667 20.72 20.91 +0.19 
1924 
184 | Jan. 10 0. 664 16.12 15.95 —0.17 
185 | Feb. 25 0.670 16.82 17.02 +0.20 
186 | Mar. 21 0.662 17.15 18.11 +0.96 
188 Apr. 10 0.666 22.96 22.28 —0.68 
IE REP Aan es 0.666 19.47 19.52 +0.05 











In order to avoid a considerable expense the detailed tables of 
the extensive material presented in this paper have been vol- 
untarily suppressed. The full records, however, are on file in 
this laboratory. 


IV. SUMMARY. 


1. On the theory that glycine and alanine were the chief factors 
contributing to the specific dynamic action of protein, it was 
possible to postulate that the specific dynamic action of those 
proteins which contain little or no glycine or alanine might be 
due to the synthetic production of one or the other of these 
amino acids when such proteins were ingested. This would ex- 
plain the fact that the proteins studied had the same heat-stimu- 
lating properties. When casein, which contains no glycine, 
was given with glycine, there was no greater specific dynamic 
action than when casein was given alone, which seemed to indicate 
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a possible inhibition of the synthesis of this amino acid when it 
was ingested (see following paper by Csonka). However, when 
10 gm. of glycine were given with 39 gm. of gelatin (6 gm. of N), 
which itself yields on hydrolysis 10 gm. of glycine, there was 
again no greater increase in the heat production than when 
gelatin was given alone. The specific dynamic action of glycine 
was neutralized. 

2. When the quantity of gelatin given with glycine was reduced 
to 10 gm., the metabolism was greater than would have been 
induced by either substance alone—a summation of effect. 

3. When alanine was given with casein or with gelatin there 
was no summation of effect, the heat production being the same 
as when either of these proteins was administered alone. 

4. When the quantity of glycine given with gelatin was in- 
creased to 20 gm. the specific dynamic action was also increased 
and there was again a summation of effect. 

5. When increasing quantities of beef were given there was a 
corresponding increase in the specific dynamic action. In general 
the increase was directly proportional to the amount of protein 
metabolized. 

6. When glycine and alanine were given together the specific 
dynamic action was much greater than when one of them was 
fed alone. 

7. When glycine and alanine were given with gelatin the specific 
dynamic action was practically the same as when gelatin alone 
was ingested. 

8. When the proteins, meat and casein, were administered 
together there was a complete summation of their specific dynamic 
action. One does not take cheese after meat in order that the 
heat-stimulating value of the latter may be neutralized. 

9. When gelatin and glycine are given together and the me- 
tabolism is compared with that following the ingestion of gelatin 
alone during a period of 7 successive hours it is found that the 
two curves produced from the data are virtually the same. One 
cannot, therefore, explain the absence of summation as due to a 
delay in intestinal absorption. 

10. When the ingestion of gelatin is combined with either 
subcutaneous or intravenous injection of glycine, the specific 
dynamic action is no greater than when gelatin is given alone. It 
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seems, therefore, that the reactions which neutralize the effect of 
the amino acids may occur in the blood or in the tissues outside 
of the gastrointestinal tract. 

11. The specific dynamic action of glycine is not appreciably 
different whether it is given by mouth, subcutaneously, or in- 
travenously. 

12. The increase in metabolism after giving asparagine and 
glycine together is not significantly different.from the increase 
after giving glycine alone. The specific dynamic action of glycine 
is not neutralized therewith. 

13. It is probable that gelatin and casein yield certain amino 
acids or polypeptides which, reacting with glycine, neutralize its 
specific dynamic effect. 

14. From the foregoing facts, we believe that other important 
factors, as yet unknown, contribute to or modify the specific 
dynamic action of protein, apart from the direct influences of the 
amino acids, glycine and alanine. 

15. Incidentally, it was confirmed that when a large amount of 
meat is ingested there is a retention in the body of a pabulum, 
derived from the end-products of protein metabolism, which 
consists partly of carbohydrate and partly of fat, and that upon 
the ingestion of a still larger amount of meat there is a deposit of 
fat alone. 


We wish to express our indebtedness to Professor Graham Lusk 
for his constant and valued aid. 
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I, INTRODUCTION. 


The researches of Lusk and his collaborators (1) show that the 
ingestion of glycine, as well as alanine, in the normal and also 
in the phlorhizinized dog raises the heat production above the level 
of the basal metabolism and that the increase of heat output is 
slight when other amino acids present in native proteins are 
ingested. These findings would suggest that the glycine and 
alanine present in protein are chiefly responsible for the increased 
heat elimination above the basal level; 7.e., the specific dynamic 
action of protein. However, the specific dynamic action as 
observed by Rubner after meat ingestion is higher than that 
when gelatin is administered, although meat protein contains 
only 4 per cent, while gelatin contains 25 per cent of glycine. 
The content of alanine in both of these proteins is about the 
same. Casein, which does not contain any glycine, shows a 
specific dynamic action similar to that of gelatin. 

The question arises whether protein metabolism in vivo produces 
glycine and alanine in the same amount as that obtained on 
acid hydrolysis in vitro. The great similarity in the intensity 
of the specific dynamic action of different proteins might be 
due to a large synthetic production of glycine from the proteins 
which contain no preformed glycine, or the results might be 
due to other unknown factors that differentiate protein metabolism 
from that of pure amino acids. 

When benzoic acid is administered! to an animal it is largely 
combined with glycine and eliminated as hippuric acid. Glycine 
is the only amino acid which, when given together with benzoic 
acid, will increase the quantity of hippuric acid elimination. The 
quantity of hippuric acid formed might therefore serve as a clue to 
the amount of glycine produced as such during protein metabolism. 

The purpose of the investigation reported here is to make a 
quantitative study of the hippuric acid production when proteins of 


1 Following the usual conventional form, values are given in benzoic acid, 
although it should be understood that sodium benzoate was given to the 
animal. 
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different varieties, with different glycine content, are fed to a pig 
which is at the same time under the influence of benzoic acid, and 
to note whether or not the quantity of hippuric acid formed is 
influenced by the preformed glycine present in the food; 7.e., the 
protein under investigation. 


II. HISTORICAL. 


1. Glycine Synthesis in the Animal Body. 


Glycine is a normal constituent of body protein, 4 per cent of it being 
present in the muscle protein, as shown by Osborne (2). The new-born 
baby lives on a practically glycine-free diet (milk) and yet increases its 
weight, and the newly developed tissue contains 4 per cent of glycine which 
is not supplied by the food. 

Willcock and Hopkins (3) showed that the presence of glycine in the food 
proteins is not required for maintenance or for growth, since mice fed with a 
glycine-free diet in which casein supplied the sole protein lived and showed 
normal growth. When zein, which is free from glycine, tryptophane, and 
lysine, was substituted for casein, and the last two missing amino acids 
were added, Osborne and Mendel (4) found that the rats did not suffer on 
account of the absence of glycine but they developed normally in every 
respect. 

All these facts demonstrate a synthetic production of glycine in the 
normal animal. 

When benzoic acid is given to an animal it is eliminated in the urine 
largely as hippuric acid. 

Parker and Lusk (5) were the first to investigate the elimination of 
hippuric acid in rabbits under the influence of benzoic acid when different 
proteins were given. They reported that the hippuric acid formation was 
not influenced by casein or gelatin. Cohn (6), however, observed an in- 
crease of hippuric acid output in the rabbit when gelatin was administered 
with benzoic acid, while no change occurred when the diet contained casein. 
Lewinski (7), in his study on the limits of hippuric acid formation in man, 
noted that the same quantities of benzoic acid (40 gm.) induced a lower 
hippuric acid elimination on a low protein diet than on a high protein diet 
consisting of albuminoids. The high glycine content of the latter explains 
his results. 

Raiziss and Dubin (8) observed an increased hippuric acid excretion on 
a milk and egg diet and concluded that a high protein level.of metabolism 
favored the synthesis of hippuric acid. 

During the course of my investigation the work of Griffith and Lewis (9) 
was published. They were particularly interested in the rate of hippuric 
acid formation as influenced by different proteins. The proteins were 
hydrolyzed in vitro with pepsin followed by trypsin to eliminate digestive 
factors, which might have influenced the rate of absorption, although 
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unhydrolyzed proteins were also tested. When these were fed to rabbits 
it was found that the rate of synthesis of hippuric acid was markedly in- 
creased when proteins with a high glycine content were ingested, i.e. 
gelatin and elastin, while proteins like casein and egg albumen, which are 
lacking in glycine, were without effect on the rate of hippuric acid synthesis. 

The results of these investigations point to two available sources for the 
origin of glycine in hippuric acid formation; first by synthesis, and second 
from preformed glycine. The latter one includes the glycine liberated by 
the catabolism of body protein and that present in the food protein. 


2. Elevated Protein Metabolism Following Benzoic Acid 
Administration. 


Salkowski (10) first noted an increase of urinary nitrogen in the rabbit 
after the administration of benzoic acid. As a result of additional experi- 
ments carried out on dogs he (11) later attributed this increase to the 
nutritive condition of the animal, since those animals which were capable 
of detoxicating benzoic acid by the formation of hippuric acid showed 
a small increase or none at all in nitrogen excretion above normal figures. 
Both Pribram (12) and Wiechowski (13) found an increased urinary nitrogen 
after the ingestion of benzoic acid as well as after giving hippuric acid. 
Magnus-Levy (14) also observed an increase of nitrogen elimination in the 
urine of sheep. On the Ist and 2nd days of starvation there were 5 to 7 gm. 
of nitrogen as compared to 11 to 13 gm. when large quantities of benzoic 
acid were administered. Ringer (15) reported an increase of urinary nitro- 
gén in the case of a goat after large amounts of benzoic acid were given, 
without changing the quantity of urea eliminated, however, and he thought 
that the glycine originated from the extra protein catabolized, as repre- 
sented by the increased urinary nitrogen noted. Delprat and Whipple’s 
experiments (16) on starving dogs, when benzoic acid was directly injected 
into the circulation, showed a definite increase of urinary nitrogen. 

McCollum and Hoagland (17), on the other hand, found practically no 
change in the urinary nitrogen elimination after feeding benzoic acid to a 
pig, which is hard to explain unless this animal represents an exception. 
However, their animals were not starving but were maintained with a pure 
starch diet, which is known to have a strong sparing action on the body 
protein. 

Shiple and Sherwin (18) came to the same conclusion as McCollum and 
Hoagland; namely, that benzoic acid, when fed in moderate doses (3 to 10 
gm.) to man, does not increase the nitrogen metabolism when the subject 
has been reduced practically to a state of endogenous protein catabolism. 


8. The Appearance of a’ Reducing Substance in the Urine When 
Benzoic Acid Is Administered. 


In 1880 Salkowski (19) first reported the presence of a reducing substance 
in the urine of dogs, rabbits, and men when they were under the influence of 
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benzoic acid. Kobert (20) suspected that the reducing com 
glycuronate, although this was purely a speculation, not b 
analytical results. Siebert (21) tried to identify this reducing mate™ 
was unable to separate it from dog urine. However, after hydrolyzing the 
urine with sulfuric acid, he succeeded in showing the presence of glycu- 
ronic acid. Magnus-Levy (22) reported that the reducing substance, which 
he isolated from the urine of sheep maintained under the influence of 
benzoic acid, was a benzoic ester of glycuronic acid, dextro-rotatory and 
unfermentable. In the urine of dogs after benzoic acid ingestion Brugsch 
and Hirsch (23) noted a dextro-rotatory compound and expressed their belief 
that it was very likely identical with the substance found by Magnus-Levy. 
The compound isolated later by Magnus-Levy is as yet the only glycuronate 
which is dextro-rotatory, all the others known being levo-rotatory. It 
is very soluble in water, showing an acid reaction, and up to the present 
time has not been prepared in crystalline form. 

Magnus-Levy’s technique, as he himself admits, is somewhat cumber- 
some. However, he was able to prepare a crystalline strychnine compound 
of the benzoyl glycuronic acid which enabled him to prove the identity 
of the urinary constituent as a glycuronic ester of benzoic acid. Whether 
this is the only substance which is responsible for the strong reduction is 
yet unknown. 


4. Toxic Effect Caused by the Ingestion of Benzoic Acid. 


Meissner and Shepard (24) in 1866 reported that some individuals 
taking 5 to 7.6 gm. of benzoic acid after breakfast experienced nausea and 
vomiting, while others showed no toxic effect. These investigators gave 
8 gm. of benzoic acid twice daily to dogs and noted convulsions, spasms, 
and foam at the mouth. 

Kobert (20) observed toxic symptoms in cold-blo-ded animals after the 
administration of benzoic acid, manifested by clonic spasms and vomiting. 
In warm-blooded animals (rabbits, cats, and dogs) toxic doses produced 
tremors, convulsions, and dullness, followed by incoordinated movements 
of the fore legs and a progressive paralysis from the anterior extremities 
backwards. Coincident with these nervous disturbances there was a fall 
inbody temperature. Death occurs from paralysis of the respiratory center. 

Lewinski (7) succeeded in avoiding these toxic effects in men by admin- 
istering the benzoic acid in small doses and at the same time prescribing 
for them a high protein diet. Under these precautions he was able to intro- 
duce 40 gm. of benzoate daily without ill effects. 

Since benzoic acid is commonly used as a preservative in canned food- 
stuffs, it was important to determine whether or not the amount applied 
for that purpose should be limited. Chittenden, Long, and Herter (25), 
appointed by the United States Food Commission, carried out an extensive 
investigation of its toxicity, with the following conclusion: Small quan- 
tities up to 4 gm. daily in healthy young men caused no ill effects or toxic 
symptoms, therefore the curtailment of its use within these limits is un- 
called for. 
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There is no reference found in the literature in which toxic symptoms 
have been observed in pigs under the influence of benzoic acid, although 
McCollum and Hoagland (17) and also Abderhalden and Strauss (26) 
administered comparatively large doses of it to these animals. 


5. Comment. 


One of the most confusing causes giving ground for contradictory 
statements in the literature is the failure to emphasize the species 
of animal on which the experiments were carried out, since animals 
of different species react differently to benzoic acid. Rabbits 
and dogs have been the animals most frequently used in the 
past. The former eliminate ingested benzoic acid in the form 
of hippuric acid, and glycuronate is said to be present only in 
traces, while the dog eliminates less than 50 per cent of the benzoic 
acid as hippuric acid and the rest appears partly free and partly 
in conjugation with glycuronic acid. 

Pigs were used with benzoic acid ingestion in investigations 
carried out by McCollum and Hoagland (17) and also by Ab- 
derhalden and Strauss (26), but none of these investigators noted 
the presence of the reducing glycuronate compound in the urine. 

The identity of the reducing substance, 7.e. benzoic ester of 
glycuronic acid, was established in 1907 by Magnus-Levy (22), 
yet this form of conjugated benzoic acid has not been considered 
in the experiments carried out since then. 'The assumption has 
been that in certain species this reducing compound does not occur 
in sufficient quantities to interfere with the reliability of the 
hippuric acid determination. By overlooking the presence of the 
reducing substance, erroneous conclusions might be drawn, 
especially when the determination of the hippuric acid is based 
upon the difference in the amount of total and free benzoic acid. 
Recently, Kingsbury and Bell (27) have reported experiments on 
nephrectomized dogs similar to those of Bunge and Schmiedeberg 
(28) and have found hippuric acid formation by analyzing the 
animals’ blood. They concluded, therefore, that the kidneys 
are not the only organs in which the hippuric acid synthesis 
might take place. It is not certain, however, that the experimental 
proof brought forward by Kingsbury and Bell is clear-cut because 
they determined the amount of conjugated benzoic acid which, 
especially in the case of dogs after benzoic acid administration, is 
largely composed of glycuronic ester. What they estimated 
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in the blood, therefore, was not necessarily entirely attributable 
to a conjugation with glycine; i.e., hippuric acid. The older 
methods, in which a direct isolation of hippuric acid served as 
a basis for its quantitative determination, were unreliable. Most 
of them required evaporation of the urine to a small volume or 
even to dryness to avoid losses through solubility, a proced- 
ure which may cause some hydrolysis of hippuric acid into its 
components. Furthermore, the purity of the hippuric acid so 
obtained is questionable. 

Some of the earlier workers did not take precautions regarding 
the preservation of the urine or they used alkali for that purpose, 
in which case, as has been pointed out by Folin and Flander 
(29), even more favorable conditions for the splitting of the 
hippuric acid were produced. 

If the quantity of benzoic acid administered is too small, 
the variation in the amount of hippuric acid eliminated may fall 
within the limit of experimental error; on the other hand, too 
large a dose of benzoic acid may produce toxic symptoms, 
and then one deals with pathological rather than with normal 
conditions. 

The rate expressed in the percentage of total benzoic acid 
eliminated should be calculated from the amount ingested, but the 
proportion of combined and free benzoic acid should be based on 
the total eliminated, because when large amounts are administered 
there may be a temporary retention of benzoic acid, which may 
obscure the actual relationship of these two forms. 


III. EXPERIMENTAL PART. 


1. General Plan. 


All the experiments reported in this paper were carried out on 
one male Berkshire pig, 8 weeks old at the beginning of the work 
and apparently a perfectly normal animal. After the pig became 
accustomed to the special food which was used it grew quite 
tame, so that it was no hardship to handle it even when it had 
reached the age of 8 months and weighed over 30 kilos. The 
nutrition cage, specially designed and recommended by E. V. Mc- 
Collum and H. Steenbock (30), was adopted and found to be 
practical. When benzoic acid ingestion was commenced the 
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food was taken voluntarily only on the Ist day, and thereafter 
the benzoic acid, as well as the diet to be tested, was administered 
by a stomach tube. This procedure required the aid of three 
persons: one to hold the pig in an upright position, another to 
keep the mouth gag firmly in place, and the third one to introduce 
the stomach tube and to pour the liquid food through it. It 
impresses one as a rather cumbersome manipulation, but after 
a short time it proved to be a simple, quick, and by all means 
the most reliable technique. By direct feeding one cannot 
avoid a considerable loss by spattering. 

A pig was selected since, as McCollum (31) has pointed out, 
its nutritional conditions are closely similar to those of man, 
both being omnivorous. Likewise, in feeding experiments in 
which varieties of proteins are the subject of investigation the 
pig is a more suitable animal than dogs or rabbits. Furthermore, 
the large volume of urine allows one to carry out an extended 
study of the various urinary constituents which, in the case 
of hippuric acid determination, is an especially important factor 
to take into consideration. 


The urine was collected daily, and it was noted, although the separation 
of the 24 hour specimens was not obtained by the more reliable method of 
catheterization, yet, judging from the analytical data, it was surprisingly 
accurate. As an explanation of the reliability in the separation, it should 
be noted that the 24 hour period always ended at 10 a.m., because experi- 
ence taught us that the pig usually urinated shortly before that time. Our 
main object was to follow the hippuric acid elimination and, since 8 gm. of 
benzoic acid were given twice daily at about 10 a.m. and 5 p.m., there was 
ample time for the complete elimination of the hippuric acid formed from 
the second dose before the morning of the following day. When benzoic 
acid was administered three times daily the dosage took place at 10 a.m., 
1 p.m., and 5 p.m. To minimize the unavoidable, although slight error 
caused by this method of 24 hour period separation, the experiments with 
each protein occupied 3 consecutive days. 

It is very important to insure an acid reaction of the urine to avoid 
bacterial decomposition of hippuric acid, as pointed out by Raiziss and 
Dubin (8), and, therefore, the urine was collected in a bottle containing 
100 ce. of a 1.5 to 2.0 per cent solution of sulfuric acid. Raiziss and Dubin 
recommended nitric acid for this purpose, but in order that the determina- 
tions of nitrogenous products should not be invalidated by the addition of 
nitric acid, the use of sulfuric acid was preferred. 

It was noted after benzoic acid ingestion that in some specimens of 
urine, especially when preformed glycine was present in the food, hippuric 
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acid crystals separated out from the acidified urine. When such was the 
case the whole 24 hour specimen was filtered through a piece of cotton and 
this, with the crystals, washed from the other urinary constituents, was 
transferred to hot distilled water, which dissolved the hippuric acid so that 
it could be mixed with the urine for analysis. 


2. The Selection of the Diet. 


McCollum (31) showed that a pig can be kept for a long period of time 
with no disturbance, such as loss of appetite and loss of weight, when given 
a diet of starch, salt, and water, one which is practically free from protein. 
This dietary behavior gave an additional reason for selecting the pig as a 
subject for these experiments. The study of the effect of varieties of pro- 
teins on the hippuric acid formation required the selection of a protein- 
free diet to which the protein under investigation could be added. 

Since the pig used in this investigation was a young, growing animal, 
the diet had to supply ample calories to cover, not only maintenance, but 
also the energy requirement expressed in the growth quota. To overcome 
the deficiency inherent in synthetic food mixtures when used as a diet over 
long periods, a water-soluble vitamin B preparation was given daily with 
the food. In addition to salt mixture used by Mendel and Karr (32) we 
added bone ash to insure semihard feces and so to avoid a contamination of 
the urine with fecal material. 

The standard diet consisted of 200 gm. of corn-starch,? 4 to 5 gm. each 
of salt mixture and bone ash, 0.75 gm. of vitamin B (Harris’ yeast vitamin 
powder), and water sufficient to make a milky mixture. To this diet we 
added protein containing 6.12 gm. of nitrogen, more or less, according to 
the nature of the question to be investigated. 

The standard diet represents 820 calories. The average weight of the 
pig in the first series of experiments was 16 kilos, therefore the standard diet 
supplied 51 calories per kilo. When the calories derived from the protein 
were added to this, it insured an adequate calorific requirement for a 
growing animal. The basal metabolism of the pig was determined in a 
respiration calorimeter and was found to be 28 to 29 calories per hour. The 
calorific value of the standard diet plus protein was therefore more than 
sufficient for the needs of the animal, although intentionally not adequate 
for maximal growth. The pig was given the standard diet twice daily and 
water ad libitum. 

We chose three proteins, casein, meat protein (in the form of meat pow- 
der), and gelatin. Each represents a certain type: casein in its relation to 
growth and maintenance; meat in its close relationship to body protein 
proper; and finally gelatin (33), characterized by its high glycine content. 








2TIn the second and third series of experiments the amount of corn-starch 
was raised to 300 and 400 gm., respectively, to conform with the gain in 
weight of the pig. 
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The nitrogen content of the proteins used in these investigations was 
the following. 


per cent 

INE CIID, 0. o:nin wisdreisne dc noe peaedineews aie 12.35 
I on cs cn ae vale waddlesen teas eimen wa weeean 13.35 
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In two instances chemically pure casein was substituted for the technical 
casein, but the results showed no difference in the hippuric acid production. 


38. Analytical Methods. 


a. Urine.—The total nitrogen in the urine was determined by the 
Kjeldahl method; for the determination of urea and ammonia Marshall’s 
urease and Folin’s ammonia methods, as modified by Van Slyke and Cullen 
(34) were used. The creatinine was determined colorimetrically according 
to Folin (35). The reducing power of the urine was estimated by the 
Benedict (36) quantitative method for sugar; the relevancy of this with 
regard to calculating the amount of urinary hippuric acid will be discussed 
later. 

For determining free benzoic acid in the urine the method of Raiziss 
and Dubin (37) was employed. The total benzoic acid was determined by 
the modification of the Folin-Flander method described by Kingsbury and 
Swanson (38). 

The difference between total and free benzoic acid gives the amount of 
conjugated benzoic acid in the urine, which includes both that combined 
with glycine (hippuric acid) and that with glycuronic acid (benzoyl gly- 
curonic acid). The latter was estimated from its reducing property toward 
Benedict’s quantitative reagent. Both glucose and glycuronic acid contain 
an aldehyde group which is the active radicle causing a reduction of the 
cupric to a cuprous compound. There is no reason to doubt that their 
reducing behavior toward copper is similar, and that the error introduced, 
when we determine and calculate the amount of glycuronic acid on the 
basis of glucose, is slight (39). To correct the differences between the two 
substances due to their molecular weight the reducing power expressed as 
glucose, obtained by the Benedict method, is multiplied by the factor 

194 - 
i390 = 1.077 
An example will clearly demonstrate the method of calculation suggested: 

It was found that 8.45 ce. of urine reduced 25 cc. of Benedict’s quanti- 
tative copper solution, which by previous determination was found to 
represent 50.4 mg. of glucose. The glycuronic acid in terms of glucose for 
the urine of a 24 hour period (1,360 cc.) was 8.11 gm.; therefore, 8.11 X 
1.077 = 8. 734 gm. of glycuronic acid present in the urine. Since each mole- 








’The dried meat powder was kindly furnished by Dr. G. McKee of 
Columbia University. 
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cule of benzoyl glycuronic acid contains 1 molecule of benzoic acid, there- 
122.09X 8.734 
194 
curonic ester, which when subtracted from the ‘“‘combined’’ figure (total 
benzoic acid minus free) gives the amount of benzoic acid combined with 
glycine (hippuric acid). 1 gm. of hippuric acid contains 0.6815 gm. of 
benzoic acid; the amount found by the above calculation divided by 
0.6815 gives the quantity of hippuric acid present in the urine. 

The preparation of benzoy! glycuronic acid from the urine is difficult 
because of its being a very unstable and amorphous compound; further- 
more, it occurs with hippuric acid, from which it is difficult to separate it, 
Likewise, there is danger of hydrolysis by which the benzoic acid radicle is 
split off. Consequently, one would expect to find hippuric acid and free 
benzoic acid as impurities in a preparation of benzoyl glycuronic acid. 

The method for the preparation of benzoyl glycuronic acid proposed by 
Magnus-Levy (22) was applied with some modifications. The urine was 
collected from the pig during benzoate administration, 9.5 liters of which 
showed a reduction equal to 37.2 gm. of glucose, and this served for the prep~ 
aration. Ba (OH): was added in an amount sufficient to precipitate the 
sulfuric acid, which had prevented bacterial decomposition during storage, 
and then a saturated solution of lead acetate until no more precipitate 
formed. The clear filtrate, acid in reaction, was evaporated to a volume of 
1,100 cc. in vacuum at a temperature never higher than 50°C., usually at 
45°. By this procedure practically no loss of the reducing substance was 
observed. 

The glycuronate was precipitated by the addition of a saturated solution 
of basic lead acetate, filtered to remove other constituents, washed by 
suspending the lead precipitate twice in 300 cc. of distilled water, and, 
after shaking, filtered by suction. The filtrates from the lead precipitate 
showed a reduction representing 9.7 gm. of glucose, but in an attempt to 
concentrate the filtrate by evaporation the reducing substance was largely 
destroyed. 

The lead precipitate was suspended in a liter of distilled water and H.S 
was passed through until saturation. The PbS was filtered by suction and 
again suspended in 400 cc. of water and saturated with H.S. The combined 
filtrates were concentrated to 1,240 cc., mainly to drive off the H.S and make 
a quantitative determination of its reducing power possible. The reduction 
represented 17.1 gm. of glucose, showing that the loss of the benzoyl gly- 
curonate in its preparation from the urine occurs chiefly in the precipita- 
tion with basic lead acetate. 

1 drop of concentrated sulfuric acid was added to the 1,240 cc. of 
filtrate, which was then evaporated to a volume of about 200 cc., inter- 
rupting the distillation several times to remove the sediment consisting 
chiefly of hippuric acid crystals. Diluted sulfuric acid, representing 2 cc. 
of concentrated sulfuric acid, was added to the 200 cc. of liquid and placed 
in the ice box overnight to eliminate the large bulk of the hippuric acid 
which was filtered off. The filtrate was twice extracted with 100 cc. of 


fore, = 5.496 gm. of benzoic acid existing in the form of gly- 
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toluene. The volume of the liquid was 218 cc. (‘‘A’’) and 10 ce. of it, diluted 
to 50 cc., served for the analysis. By reduction it was estimated that ‘‘A”’ 
contains 25.6 gm. of benzoyl glycuronic acid. There were 12.0 gm. of ben- 
zoic acid, which is 1.5 gm. more than 25.6 gm. benzoyl glycuronate con- 
tains, showing that hippuric acid was still present in the solution. 
The solution showed dextro-rotation, and a specific rotation of 27.2° (un- 
corrected) was estimated for the benzoyl glycuronic acid. The fairly close 
agreement of the calculated and determined amount of benzoic acid, in 
which the difference can be attributed to hippuric acid as an impurity, 
supports the correctness of the proposed quantitative determination of the 


benzoy! glycuronic acid. 
The preparation of benzoyl glycuronic acid in a pure form is postponed 


for later presentation. 

b. Blood.—The blood was obtained from the ear vein. The Folin-Wu 
(40) method for blood sugar was used, and for control we applied the 
Shaffer-Hartmann method also (41). Hemoglobin determinations were 
carried out by the procedure of Cohen and Smith (42). 

The analytical data are given in Tables I, II, and III. 


IV. DISCUSSION OF THE RESULTS. 


1. The Relationship of Preformed Glycine to the Glycuronate Forma- 
tion after Benzoic Acid Ingestion. 


The effect of protein ingestion on hippuric acid formation was 
shown by Cohn (6) and recently by Griffith and Lewis (9). Both, 
using rabbits kept under the influence of benzoic acid, investigated 
the effect of giving them casein and gelatin. Cohn noted an 
increased output of hippuric acid and the other investigators 
an increased rate of hippuric acid formation when gelatin was 
given. Griffith and Lewis collected a 6 hour specimen of urine, 
which served to establish the rate of hippuric acid elimination. 
Since 70 per cent of the benzoic acid was eliminated after gelatin 
ingestion and 45 per cent after casein administration during that 
period, it is possible that in 24 hour specimens gelatin and casein 
might not show any difference in hippuric acid formation. The 
experiments of Cohn, although opposing this hypothesis, are 
questionable on account of the analytical methods applied. 

Judging from Ringer’s experiments (15) on a starving goat 
which had received large quantities of benzoic acid, we expected 
to find a large amount of free benzoic acid, which we thought 
would decrease in amount when preformed glycine or a protein 
containing glycine was given simultaneously. 
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The analysis of the urine collected on November 8, 9, and 
10 (Table 1), when casein was the protein under investigation, 
showed too small an amount of free benzoic acid to serve as 
an index of hippuric acid formation. The conjugated benzoic 
acid fraction reached 98 per cent of the total eliminated. The 
urine was tested with Benedict’s (43) qualitative reagent and 
found to give a moderate reduction. It was then clear that the 
conjugated benzoic acid did not represent a glycine combination 
alone but a glycuronic acid compound also. The influence of 
protein on hippuric acid formation could not be noted solely 
by a determination of the amount of conjugated benzoic acid, 
for this remained constant with both casein and gelatin. However, 
the amount of hippuric acid determined by subtracting the 
benzoic acid conjugated with the reducing substance from the 
total combined acid was found to vary. Therefore, the reducing 
power of the urine rather than the free benzoic acid was used as 
an accessory factor in the computation of hippuric acid synthesis. 

What is the reasoning for the method of calculation of the 
hippuric acid and what are the analytical findings that support 
its correctness? That glycuronic acid occurs as the benzoyl 
ester in sheep’s urine after the ingestion of benzoic acid has been 
convincingly demonstrated by Magnus-Levy (22). We are 
dealing also with the ester of glycuronic acid and not with an 
ether form, as shown by the ease of hydrolysis evidenced in its 
reducing power toward Benedict’s qualitative reagent, the 
alkaline reaction of which is capable of splitting it. 





H-C-OH HO-C:0 H-C 0—C:0 
a cH ~ | 
oe ta an H-C-O8} an 

| + | | | | 
HO-C-H | he HO-C-H | | 
Euisl VV» YZ 
H-C—O _ Benzoie acid. H-C— O 
H-C-OH <a H-C-OH 
| 
0:C-OH O0:C-OH 
Glycuronie acid. Benzoyl! glycuronic acid. 
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The concentrated urine did not give a typical orcinol test, which 
shows that we are not dealing with a pentose, but we obtained a 
positive naphtho-resorcinol test, which is a characteristic reaction 
for glycuronic acid. The urine showed no gas formation on addi- 
tion of yeast, and it is known that glycuronic acid is unfermentable. 
It is commonly stated in text-books that the glycuronic acid 
does not reduce the Nylander reagent; therefore it is recommended 
for the differentiation of glycuronic acid from carbohydrates.‘ 
This is not true in our case, because the urine tested with this 
reagent gives a positive test. Therefore, the weight of experimental 
evidence is fairly conclusive that the reducing material present 
represents a glycuronic ester of benzoic acid. 

An inverse relationship (44) exists between the quantity of the 
glycuronate eliminated in the urine and the preformed glycine in the 
food ingested. Compare the experiments of casein ingestion on 
November 9 and 10 (Table I), in which there was no preformed 
glycine present in the food with the experiments on November 
15 and 16, when approximately 10 gm. of preformed glycine 
were offered in gelatin. The amount of glycuronic acid present 
in the urine averaged 9.58 gm. per day, when casein represented 
the sole protein, compared with 2.49 gm. daily when gelatin 
was the only source of protein administered. To make it certain 
that glycine is responsible for the decrease we repeated our casein 
experiment and gave 10 gm. of glycine in addition, with the 
result that the elimination of glycuronic acid averaged only 
2.77 gm. per day (Table II, December 6, 7, 8). The decrease of 
the glycuronic acid in the presence of preformed glycine is also 
manifested when gelatin is given with casein in the diet, being 
3.14 gm. per day (Table I, November 12 and 13), a little higher 
than when gelatin was given alone. If we increase the dose of 
benzoic acid without changing the other factors we find also an 
increase in the amount of reducing substance eliminated in the 
urine (Table I, November 14, 17, and 21). 

The question arises: Is the appearance of glycuronate a sign of 
a temporary exhaustion of glycine, thus preventing hippuric 
acid synthesis and an additional protective mechanism of the 


‘This test was suggested by Professor S. R. Benedict, who expressed his 
doubt regarding the correctness of the statement. 
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body against benzoic acid poisoning? In general, we may say that 
the body produces more glycuronate in the absence of preformed 
glycine in the food than when an ample supply of this amino 
acid is present; therefore, it probably serves as an additional 
protective mechanism. However, it appears in urine half an 
hour after benzoic acid ingestion, and it is formed at a greater rate 
in the early hours than in the later ones. The rate of elimination 
of the benzoyl glycuronic acid can best be studied when benzoic 
acid is given alone or together with casein because in these cases 
larger amounts are excreted and the reducing power of the urine 
can be conveniently estimated in short intervals. 




















TABLE IV. 
The Rate of Glycuronate Elimination. 
Urinary output. 
Date. | Period. > Remarks, 
han Benzoy] glycuronic acid. 
1924 . 9 m. hay | a. 
Feb. 22 |10.50 a.m. | 169] Slight trace. | At 10.20 a.m.: 
1.05 p.m. | 120 0.912 0. 405)20.8 Casein........ 50 gm. 
4.45 “ 134 1.000 0.273|22.9| Benzoic wcid. 8 “ 
“ 93/| 7.45 a.m. | 320} 2.456 (56.3 
| | 
“ 28 | 3.45 p.m. 2.247 (0. 403/60. 2) At 10.10 a.m.: 
16.15 “ 0.815  |0.326121.8) _ Boiled rice ..200 gm. 
“ 29 | 7.45 a.m. 0.672 18.0} Glucose...... 50 “ 
| Benzoic acid..8 “ 











In the casein experiment 43.7 per cent of the total glycuronate 
produced was eliminated within 6 hours and 25 minutes; when 
cooked rice mixed with glucose was given with benzoic acid, 
essentially a carbohydrate diet, 82 per cent was eliminated in 8 
hours and 5 minutes. The continuous elimination of this reducing 
substance points to a rather slow mobilization of glycine; at 
least, it shows that a faster absorption of benzoic acid than glycine 
is offered for the synthesis of hippuric acid. The glycuronic 
acid, however, offers a substitute detoxicating substance for 
the free benzoic acid present. That the organism can respond 
to a greater extent in glycuronate formation than in hippuric acid 
synthesis, which latter depends upon the available glycine, is 
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shown in an experiment after giving casein (Table I). When 
24 gm. instead of 16 gm. of benzoic acid were ingested there 
was an increase of glycuronate elimination but no change in the 
hippuric acid excretion. 

What the material is which serves as a precursor for the glycur- 
onic acid produced by the stimulus of the administration of benzoic 
acid, cannot be definitely stated, although the above experiments 
point to a protein rather than to a carbohydrate origin. 

It has long been known that hippuric acid, when given.to an 
animal, is eliminated quantitatively in the urine (12, 13). The 
view has been propounded that this substance undergoes hydrcelysis 
to its components by a specific enzyme and is then resynthesized 
into hippuric acid. We administered to the pig 10 gm. of hippuric 
acid dissolved in 150 ce. of water and neutralized with sodium 
hydroxide and found after 8 hours and 15 minutes 6.26 gm. of 
hippuric acid eliminated; in the 24 hour specimen we recovered 
10.11 gm. of hippuric acid, a little more than that ingested because 
the pig’s urine contains normally some hippuric acid. We 
repeated this experiment several times, but in no case did the 
urine reduce Bencdict’s qualitative reagent. This observation 
does not support the theory that hippuric acid is split before 
absorption, nor does the fact that when glycine in a larger amount 
than the molecular equivalent was given simultaneously with 
benzoic acid some glycuronate always appeared in the urine. 


2. Does Benzoic Acid Cause an Increased Protein Catabolism? 


McCollum (45), in his studies on the utilization of different 
proteins in pigs, showed that casein was sufficient for maintenance 
and growth when it was the only source of protein; while gelatin 
diminished the ‘‘ wear-and-tear’’ quota of the protein metabolism 
by only 40 per cent; and even when it was fed in great excess over 
the maintenance needs of the pig there was no evidence obtained 
with regard to the formation from it of new body tissue. 

In the experiments here reported a preliminary period of 
pure starch ingestion showed a minimum urinary nitrogen, rep- 
resenting the ‘“wear-and-tear’’ quota of 0.868 gm. on October 
30, 1923 (Table I), or 56 mg. of nitrogen per kilo of body weight. 
On the following 3 days casein was given with the standard 
diet in an amount several times greater than the “ wear-and-tear” 
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quota and two-thirds of it was deposited. This remarRah elimna® 


storage of protein nitrogen fell one-half when benzoic acid was 
added to the daily food. The total excretion of urinary nitrogen 
for the 3 day periods after giving casein alone was 6.40 gm., and 
in the case of casein plus benzoic acid was 12.92 gm. The intake 
in both cases was 18.48 gm. of nitrogen for each period. On 
the other hand, when 18.48 gm. of gelatin nitrogen was the only 
protein nitrogen taken with benzoic acid, on November 15, 16, 
and 17, 1923 (Table I), the urine showed 18.70 gm. of nitrogen 
eliminated, which represents a small negative balance. When 
the same amount of meat nitrogen was consumed with benzoic 
acid, only 1.75 gm. of nitrogen were retained. 

These experiments show an increased protein catabolism when 
benzoic acid is administered in large quantities to the pig, which 























TABLE V. 
(In periods of 3 days. ) 

Date. Diet. ; 3 

Zz Zz 

gm. gm. 

Nov. 5, 6, 7 Standard + casein. 18.48) 6.4 
. sLAS.¢ = + “ + benzoie acid. 18. 48)}12.92 
“ 15, 16, 17 st + gelatin + a “ 18. 48)18.70 
Dec. 3, 4, 5 6s + meat + " - 18. 48)16. 73 





expresses itself in a reduced ability to store protein. The pig 
normally deposited 64 per cent of the casein nitrogen (the fecal 
nitrogen being neglected), but when benzoic acid was added 
it stored only 30 per cent of it. In this sense we may state that 
the benzoic acid ingestion tends to elevate the protein metabolism. 
This may be due to the continual withdrawal of glycine, a necessary 
constituent for the synthesis of body protein. We did not aim 
to establish nitrogen equilibrium and to study the effect of various 
proteins on the hippuric acid production at that level, for with 
gelatin alone nitrogen equilibrium is impossible, and with the 
other proteins the amounts given would have been too small to 
serve our purpose. However, we instituted a series of experiments 
with a decreasing quantity of protein nitrogen intake (Table 
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II, December 10, 11, and 12, 1923) followed by a day on which 
the pig received the standard starch diet and benzoic acid, and 
the next day the same food without the benzoic acid. The 
urinary nitrogen, when contrasted with the nitrogen intake, 
showed a negative balance except on the Ist day (December 10), 
but if we compare that day with December 15, when the diet 
was identical except that no benzoic acid was administered, 
the elevation in protein metabolism is unquestionable. Further- 
more, the nitrogen in the urine is more than double that on De- 
cember 13, when benzoic acid was added to the standard starch 
diet, if compared to the nitrogen elimination on the following 
day without benzoic acid. 

The creatinine elimination, as shown in Tables II and III, was 
practically constant. Since the diet was free of creatinine, one 
may conclude that the endogenous protein metabolism is affected 
by neither protein ingestion (casein and gelatin) nor the administra- 
tion: of benzoic acid. A constant creatinine output, however, 
does not exclude an increased protein metabolism. We may 
quote two instances in which creatinine elimination is constant, 
or even lowered, although a pronounced elevation of protein 
metabolism exists. First: in a normal starving animal or in 
a starving man, there is a high urinary nitrogen output lasting 
for a few days, and concomitant with this the creatinine eliminated 
is constant or even lowered. In this case the increased protein 
metabolism is attributed to the catabolism of deposit protein. 
Secondly, the creatinine output is unchanged in phlorhizinized 
dogs during starvation and also when muscle protein is fed to 
them, as shown by S. R. Benedict (46). Although the protein 
metabolism is several times higher with phlorhizinized dogs, 
the creatinine excretion is unchanged from that observed in the 
same starving animal previous to phlorhizination. Therefore, 
the constant creatinine output before and during benzoic acid 
ingestion cannot be used as evidence against an increased protein 
metabolism. 


8. Experiments on Giving Protein Simultaneously with Benzoic 
Acid. 


If glycine synthesis plays an all-important réle in hippuric acid 
formation when benzoic acid is administered, then we should 
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find no difference in the hippuric acid elimination when the 
protein supplied contains preformed glycine. The toxic effect 
noted after large quantities of benzoic acid are given should 
occur always when a certain dosage is administered; that is, 
after the rate of glycine synthesis has reached its maximum and 
the amount produced is insufficient to counteract the toxic 
effect of benzoic acid. We may state in advance that our results 
do not confirm these theoretical arguments. 

When 16 gm. of benzoic acid are given concomitantly with 41.5 
gm. of gelatin, which contains approximately 10 gm. of glycine, 
or a sufficient amount to cover the glycine requirement for hippuric 
acid formation, 89.6 per cent of the combined benzoic acid elimina- 
ted appears as hippuric acid, while if gelatin isreplaced by an equiv- 
alent amount of casein the hippuric acid part represents only 68 
per cent. We may even double the amount of casein, yet there 
is no increase in the hippuric acid formation suggesting that 
an increased protein metabolism does not necessarily influence 
the magnitude of glycine synthesis. In the experiments of 
November 10 and 19, when 6.16 and 12.32 gm. of nitrogen in 
casein with the same amount of benzoic acid were administered, 
13.35 and 13.34 gm. of hippuric acid were excreted. That the 
limit of glycine synthesis was actually reached is shown in the 
experiment of November 21, 1923 (Table VI) in which we in- 
creased the amount of benzoic acid from 16 to 24 gm., the pig 
receiving 12.32 gm. of casein nitrogen daily. The amount of 
hippuric acid eliminated was the same as before or 13.07 gm. 
This represents, therefore, the largest quantity of glycine which 
the pig was capable of synthesizing during the early period of ex- 
perimentation. On the other hand, with a gradual decrease in 
the amount of casein ingested (Table VIII), the amount of hippuric 
acid eliminated shows a slight but not proportional decrease, and 
one might justly conclude from this series that when a protein 
which is free from preformed glycine is ingested in small quantities, 
it does provide conditions for a slight increase in hippuric acid 
formation. But we may add that, when a limit of glycine synthesis 
is reached, the administration of an additional quantity of a 
glycine-free protein, like casein, is without effect on glycine 
production. 
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On the evening of November 21, 1923, the pig showed toxic 
symptoms, such as vomiting and nervousness. The 24 hour 
urine of this day indicated that 6.6 gm. of benzoic acid had 
been retained in the body of the animal. The following day 
the pig refused both food and water and blindness developed 
toward evening. Therefore, 10 gm. of gelatin in 500 cc. of milk 
were administered at 5 p.m. The pig shortly regained health 
and appetite and 2 days later the eyesight was restored (Table I). 

With gelatin, the pig tolerated 24 gm. of benzoic acid without 
showing any signs of toxicity or discomfort. This clearly dem- 
onstrates that preformed glycine was a factor, for the animal 
was able to produce twice the amount of hippuric acid that 
was formed after casein ingestion. The failure to detoxicate 
the excess of benzoic acid with glycine in the latter experiment 
must be attributed to the insufficiency of the function for the 
synthesis of glycine rather than to an inability to perform the 
chemical union of benzoic acid with glycine. 

The toxic effect seems to be due to the slow elimination and con- 
sequent retention of the ingested benzoic acid; however, when 
sufficient preformed glycine is present in the food, as is the case 
when gelatin is fed, the rate of elimination is increased and thus 
the deleterious effect is avoided—a procedure which may be 
used for therapeutic treatment to counteract benzoic acid 
poisoning. 

Parker and Lusk (5) measured the synthetic formation of 
glycine from the relation of total nitrogen to hippuric acid nitrogen; 
i.e., glycine N: nitrogen ratio. A ratio greater than 4.7, which 
exists when the glycine in the body protein is utilized in the 
formation of hippuric acid, indicates a synthetic production 
of glycine. Naturally, this ratio is valid only in starvation; 
when a glycine-free diet is taken its magnitude depends upon the 
character of nitrogen balance. 

On December 13, 1923, when the pig was given the standard 
starch diet (nitrogen-free), the ratio was 32.3 (Table VIII). On 
the previous day the ratio had been 36, and this may be considered 
the highest ratio found in our work, fulfilling the restrictions 
pointed out above. The influence of the total nitrogen on the 
magnitude of the ratio is well demonstrated by comparing the 
experiment of November 13, when casein and gelatin were admin- 
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istered, with that of December 7 in which the gelatin was substi- 

tuted by glycine equivalent to the amount present in gelatin. The 

amounts of hippuric acid nitrogen eliminated in the two experi- 
TABLE VI. 


Varieties of Pretein as Factors in Hippuric Acid Production. 
























































In diet. Urinary output. Zz 
ts — fe a ee J. 4. hkl.lCUh 
Protein. lo |S Sm} a. | am lz EIS) 
*/2/)| se l/seles| 2 | s) 
ee | O Qa Seajtes & | = 
1923-24 | gm. gm. gm. | gm. gm. gm. Fa 
Nov. 8 | Casein. | 6.16) 0 16/10. 67/0. 834 4.145) 20.1 
“= -9 . 6.16) 0 16 |11.90)0. 931 4. 159 92.4 
« 10 | “ | 6.16, 0 | 16 |13.35/1.044 4.611) 29.7 
| | | 3 | 
“ 12 | Casein + gelatin. [12.32] 1.94, 16 |16.48|1.289'5.635| 22.8 
——.  * . /12.32} 1.94, 16 |17.86|1.3977.026) 19.9 
“ 14 | “ es 12.32} 1.94) 24° 27-122. 120)9. 107] 23.3 
| a | 
| | 
“ 15 | Gelatin. | oe 1.94) 16 |19.16/1.498'5.938| 25.2 
“ 16 | . 6.16, 1.94 16 |20.55)1.607|6.181) 26.0 
* 177 “ 6.16] 1.94) 24 (26.60 2.080/6.584) 31.6 
“ 19 | Casein. 12.32) 0 | 16 me ee Se 19.3 
i> © 12.32; 0 | 16 |13.29)1.039)8.841) 11.8 
“ 21 | es 12.32) 0. | 24 |13.07)1.022/6.838) 15.0 
| 
| 
Dec. 3 | Beef meat powder. | 6.16) 0.26 16 14.46)1.131/6.832) 16.6 
“ 4 < «4 6.16) 0.26, 16 |14.27/1.116/4.882| 22.9 
“ § “Ss 6.16] 0.26) 16 a On 22.0 
“ 6 | Casein + glycine. | 8.03) 1.87} 16 /15.28)1.194'3.677| 32.5 
* 7 a“ 8.03] 1.87) 16 |16.87|1.319)3.324) 39.7 
“ 8 «“ “ 8.03| 1.87} 16 —— 45.8 
| | 
“ 10 | Casein. 6.16 0 | 16 |15.46/1.209|4. 581) 26.4 
Mar. 25 « | 6.160 | 16 |15.20)1.1886.271) 18.9 
| 


“ 26 | on | 6.160 | 16 15.38)1.203 5.081) 23.7 





ments were 1.397 and 1.319 gm., respectively, yet the ratios were 


19.9 and 39.7, although there was a larger amount of hippuric 


acid formation in the first case (Table VI). 
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This example leads us to a very instructive fact regarding the 
nitrogen elimination in the casein and glycine series of experiments 
(Table II). The glycine administered contained 1.87 gm. of 
nitrogen, of which 1.558 gm. reappeared in the urine on the 3rd 
consecutive day of this series as hippuric acid nitrogen. One 
may safely suppose that the rest of the glycine nitrogen appeared 
in the urine as urea nitrogen, which would leave 1.53 gm. of 
nitrogen attributable to the protein metabolism. On the following 
day the same quantity of casein, with the same standard starch 
diet, was ingested without benzoic acid. The total nitrogen elimi- 
nated was 1.56 gm., showing that if a sufficient amount of preformed 
glycine is present in the food to combine with the benzoic acid 
given, the protein metabolism is not affected, and the casein 
may be normally retained and deposited in a growing pig. Benzoic 
acid in the presence of glycine becomes harmless. 

It may be mentioned here that this conclusion was confirmed by 
unpublished respiration calorimeter experiments, which the 
author has carried out in collaboration with Drs. D. Rapport and 
R. Weiss (see following paper). 

The hippuric acid formation is in proportion to the glycine 
content to the protein ingested—it is highest when gelatin is 
given, less with meat protein, and the least with casein. In the 
last case the glycine production is a result of synthesis, since 
casein is free from glycine as far as we know at present. 

The urea elimination after benzoic acid ingestion has been a 
subject of considerable argument. A superficial examination 
of Tables I and II indicates that the urea excretion drops in 
proportion to the increase in percentage of hippuric acid. The 
sum of urea, ammonia, and hippuric acid nitrogen generally 
represents the amount of urea nitrogen found on those days when 
benzoic acid was omitted from the diet. 

Glycine, which is normally converted into urea, escapes this 
conversion by combining with benzoic acid, therefore the percentage 
of urea nitrogen must diminish. Urea nitrogen itself cannot 
serve as a precursor for glycine synthesis because urea administered 
alone with benzoic acid does not influence the hippuric acid 
output. 

Table VII summarizes the data concerning the elimination of 
benzoic acid. The most outstanding feature is the uniformity of 
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the combined form. We may safely state that 97 to 99 per cent of 
the eliminated benzoic acid is present in the conjugated form 
and the rest is eliminated as free acid. The constancy in the 
percentage of the conjugated form is misleading if one does not 
consider the two compounds which appear in union with the benzoic 
acid; 7.e., glycine and glycuronic acid. The latter was discussed 
in a previous chapter, so we will deal at present only with glycine 
as a factor of conjugation. Excepting 1 day when toxic symptoms 
were present we find the lowest percentage of benzoic acid combined 
with glycine to be 60 per cent. On this day no protein food 


TABLE VIII. 


The Variation in the Quantity of Protein as a Factor in Hippuric Acid Pro- 
duction When 16 Gm. of Benzoic Acid Are Given Daily. 



































| In diet. | Urinary output. 
Benzoic acid 
| | combined. 
Date. | . _ Z 2g | 3 i js 
4a (211 bi bla lhl 
Au - 5 Osa Swe ew ie ms 
1923-24 | | gm. gm gm gm. gm | gm gm 
Nov. 19 | Casein. 12.32 | 0 6.60 | 4.15 9.09 | 13.34 | 1.043 
Dec. 10 | ai | 6.16] 0 7.35 | 4.63 10.54 | 15.46 | 1.209 
ie ws | 4.19 | 0 8.04 | 5.06 9.52 | 13.97 | 1.093 
ae). * } Rae 8.05 | 5.07 | 8.92 | 13.08 | 1.023 
“ 13 | None. 0 7.98 | 5.02 7.70 | 11.30 | 0.884 
Mar. 31 | Gelatin. | 2.97 | 0.93 | 3.09 1.95 | 12.59 | 18.47 | 1.445 
Apr. 1 i 5.94 | 1.87 a 1.75 | 13.73 | 20.15 | 1.540 
aa - Mis 11.88 | 3.74 | 2.49 1.57 | 13.39 | 19.65 | 1.536 
“ 4 | None. | 0 5.50 | 3.73 | 11.11 | 16.30 | 1.274 
J ie | | 8.01 | 5.04 | 8.77 | 12.87 | 1.006 





was given and the hippuric acid nitrogen to total nitrogen ratio 
was 32.3, indicating a synthetic production of glycine. When 
casein was added to the diet the part combined with glycine reached 
68 per cent, and since the origin of glycine is also. conceded to 
be the result of synthesis, we may justly conclude that the synthesis 
was slightly and favorably influenced by the casein intake. 

In the experiments with gelatin (Table VIII) the amount of this 
protein was increased on successive days in order to study the 
quantitative relation between its glycine content and the synthetic 
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formation of hippuric acid in the animal body. The lowest intake 
of one-half molecular equivalent of glycine to one of benzoic acid 
produced only slightly less hippuric acid than one in which 
four times as much glycine was offered (two molecular equivalents). 

This confirms the fact that a limited amount of synthetic 
glycine is always at the disposal of the organism. This inter- 
pretation explains the experimental findings in Table VIII. 

An increase in the dosage of benzoic acid from 16 gm. daily 
to 24 gm. shows an increased hippuric acid production when 
gelatin or gelatin plus casein are given, but not when casein alone is 
administered. In the first two experiments there was not enough 
preformed glycine present to cover the theoretical combining 
power of benzoic acid. Approximately 10 per cent of the ingested 
benzoic acid was not recovered in the urine and about 85 per 
cent of the conjugated form of benzoic acid was eliminated in 
the form of hippuric acid. Although the absolute amount of 
hippuric acid produced was larger when the dosage of benzoic acid 
was raised from 16 to 24 gm., there was no material change in the 
percentage of benzoic acid combined with glycine; 7.e., the manner 
of hippuric acid synthesis or of glycine production was not appreci- 
ably influenced by this change in dosage. In both cases the 


“same percentage of benzoic acid conjugated with glycuronic acid 


appeared in the urine (Tables VI and VII). 

The protein metabolism in vivo produces glycine in the same 
amount as that obtained on acid hydrolysis in vitro. The hypothesis 
that there is a synthetic production of glycine is well founded and 
is clearly demonstrated in the casein experiments, especially in 
those in which no protein was administered with the benzoic acid, 
if we examine the ratio of hippuric acid nitrogen and total urinary 
nitrogen, as suggested by Parker and Lusk. However, this 
glycine synthesis is of a limited extent and may be estimated by 
determining the lethal dose of benzoic acid. 

The magnitude of the specific dynamic action of various proteins 
cannot be interpreted solely as due to one specific amino acid 
though that amino acid is a high heat producer when it is ingested 
and metabolized alone, i.e. glycine, because then we would also 
find a relationship of preformed glycine content to the extre heat 
produced after protein ingestion. The experiments with casein, 
meat, and gelatin in relation to the hippuric acid formation 
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reported in this paper do not support the theory of unlimited 
glycine synthesis from proteins which lack this amino acid. 
Proteins in general liberate glycine in quantities similar to the 
amounts found in vitro after acid hydrolysis. 


4. The Rate of Benzoic Acid Elimination. 


In this part of the investigation some changes in the diet were 
instituted in order to be able to observe the effect of the proteins 
alone on the rate of benzoic acid elimination. The 300 gm. 
of starch were given in the afternoon at 5 o’clock, mixed with 1 
liter of milk. The amount of benzoic acid was the same as in 
the previous experiments recorded in Tables I, II, and III; 

e., 16 gm. daily. The experiments in Table IX represent only 
the rate of elimination of 8 gm. of benzoic acid, which were 


given in the morning with the material indicated in the second 


column; the remaining 8 gm. were administered in the afternoon. 
The purpose of giving the second dose in the afternoon was 
to keep the animal constantly under the influence of benzoic 
acid. Although the morning urine was not always timed exactly, 
the experiments carried out previously showed that the benzoic 
acid which was given at 5 o’clock in the afternoon was all eliminated 
by the morning; therefore, it was immaterial whether or not 
the bladder was emptied at the beginning of the period. The 
pig was watched and the time of the first urination was noted. 
During the interval the pig was in the respiration calorimeter 
he passed no urine, but he usually did so shortly after he was 
returned to his cage. In Column 3 the duration of the period 
which elapsed from the administration of the benzoic acid until 
urination is given. 

The elimination of benzoic acid occurs in three forms: (1) free, 
(2) combined with glycine, and (3) combined with glycuronic acid. 
The combined forms are the ones of chief interest, since the 
changes in the free benzoic acid are slight and irregular. The 
rate of hippuric acid elimination depends directly upon the 
quantity of available glycine (preformed) and is highest in 
those experiments in which this requirement is amply covered. 
It is lower when casein is fed to the pig and lowest waen benzoic 
acid is given alone. 
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conjugated benzoic acid eliminated is combined with glycur 
acid; when casein is omitted, 25 per cent of the conjugated 
’ benzoic acid occurs as a glycuronate ester. 

The inverse proportion of preformed glycine is clearly seen 
from the above experiments. The rate of hippuric acid formation 
shows also the limitation of glycine synthesis; when we compare 
the casein experiment with that of casein plus glycine, we find 
‘an increase of hippuric acid formation in the latter instance. 
Although the benzoic acid absorption was probably the same 
whether or not the glycine was administered, the rate of its 
elimination was slightly increased in the presence of this amino 
acid. Therefore, a decreased absorption of benzoic acid is not 
responsible for the lowered hippuric acid production in the casein 
experiment, but a deficiency in glycine synthesis. Thus, when the 
glycine synthesis has reached its maximum, the excess of benzoic 
acid is combined with glycuronic acid. This view-point is in 
harmony with the result observed by Griffith and Lewis (47) 
with regard to benzoic acid absorption, since these investigators 
found that the extent of elimination of benzoic acid was independent 
of the path of administration, but was identical when given orally 
or by intravenous injection. 


5. Changes in Blood Sugar during Benzoic Acid Ingestion. 


It was of interest to find out whether or not the blood sugar 
level of the animal undergoes any change on account of the 
appearance of the glycuronate in the urine as a result of benzoic 
acid ingestion. The glycuronic acid being a reducing agent, one 
might consider that it might influence the blood sugar figures, 
which represent in reality a sum of all reducing substances present 
in the blood; therefore, it would naturally increase temporarily 
the blood sugar level. An increase might indicate also a carbo- 
hydrate mobilization which might be related to the production of 
glycuronic acid. 

In the experiments reported here 8 gm. of benzoic acid were 
administered by a stomach tube and casein (6.16 gm. of nitrogen), 
suspended in water, was eaten by the pig voluntarily. The 
results are given in Table X. 
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The blood sugar falls instead of showing an expected elevation 
in consequence of a high rate of glycuronate formation and 
elimination during the early hours after benzoic acid ingestion, 
However, the hemoglobin percentage offers a possible explanation 
because the decreased hemoglobin content noted indicates a 
dilution process, which may be caused by the entrance of the 
hippuric acid and glycuronic ester into the blood stream. 


TABLE X. 
The Effect of Benzoic Acid on the Reducing Property of the Blood. 





Blood sugar. 





| 
& : 
3 ° | = 
Time. = = Fs E Remarks. 

- Fo es 

Ss a 

5 | = | St 

= fe wn 

per cent | per cent | per cent 

10.20 a.m. | 0.080 Jan. 19, 1924, fasting. 
11.25 “ 0.065 At 10.22 a.m. 8 gm. benzoic acid + 
12.25 p.m. | 0.084 casein (6.16 gm. N) + 300 ce. 
is 0.077 water. 
325 * 0.074 





10.05 a.m. 124.0 | 0.086 | 0.079 | Jan. 26, 1924, fasting. 

Ze * 112.7 0.075 | 0.061 | At 10.15 a.m. 8 gm. benzoic acid + 

12.15 p.m. | 110.0 | 0.075 | 0.070 casein (6.16 gm. N) + 300 ce. 
° i 103.4 | 0.079 | 0.067 water. 

15 


“ 119.0 | 0.075 | 0.061 


10.07 a.m. 129.3 | 0.084 | 0.065 | Feb. 2, 1924, fasting. 
11.15 “ 136.3 | 0.111 | 0.087 | At 10.10 a.m. 300 gm. starch (corn) 
12.15 p.m. 98.0 | 0.108 | 0.092 + 300 cc. water. 

















1.15 “ | 102.7 | 0.073 | 0.065 
215 “ 98.0 | 0.110 
3.15 “ | 102.7 | 0.111 





To demonstrate a real case of carbohydrate mobilization we 
fed the pig with corn-starch and so produced a transitory hyper- 
glycemia and, judging from the hemoglobin figures, a pronounced 
dilution of the blood. Fisher and Wishart (48) observed similar 
changes in the blood of dogs after the ingestion of large amounts 
of glucose. The highest blood sugar figures were found in the Ist 
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hour after the ingestion of corn-starch, whereas in the experiments 
on casein plus benzoic acid the lowest figure was obtained in the 
lst hour. These findings do not support the idea that benzoic 
acid appreciably influences the blood sugar level. The excretion 
of the glycuronate from the body must be very rapid, since it 
does not increase the reducing power of the blood; on the other 
hand, if its production takes place in the kidney an immediate 
elimination would make such a study useless. 


V. SUMMARY AND CONCLUSIONS. 


1. Benzoic acid fed to a pig is eliminated in the urine as free 
acid and in conjugation with glycine (hippuric acid) and in 
conjugation with glycuronic acid (benzoyl glycuronic acid). 

2. When starch is the only food supply, the ingestion of 16 gm. 
of benzoic acid stimulates hippuric acid formation, and 60 per cent 
of the combined benzoic acid represents glycine conjugation. 

3. Casein, which does not contain glycine, given simultaneously 
with benzoic acid, increases the hippuric acid production slightly 
above that formed on a starch diet with benzoic acid adminis- 
tration. The percentage of benzoic acid combined with glycine 
reaches 68. The glycine used in hippuric acid formation, when 
no preformed glycine is offered in the food, originates partly from 
eatabolized body protein and partly from synthesis. The quan- 
tity of glycine available from both sources mentioned is limited, 
and after its maximum has been reached there is no difference in 
hippuric acid formation either by increasing the casein nitrogen 
in the diet from 6.16 to 12.32 gm. or by increasing the dose of 
benzoic acid from 16 to 24 gm. The excess benzoic acid is re- 
tained or only slowly eliminated and thus results in benzoic acid 
intoxication. 

4. When glycine as such, or preformed glycine in the shape of 
gelatin, is added to a casein diet in a quantity representing 
approximately one molecular equivalent, the amount of hippuric 
acid eliminated in both experiments is the same. The percentage 
of benzoic acid combined with glycine reaches 85, while gelatin 
alone gives the even higher value of 89 per cent. 

5. If an amount of glycine which is more than sufficient to 
combine with the benzoic acid is administered with casein as the 
only protein in the diet, the protein metabolism is not affected and 
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casein may be normally retained and deposited in a growing pig. 
If gly cine is not added to this diet, benzoic acid causes an increased 
metabolism of protein. Benzoic acid in the presence of glycine 
becomes harmless. Gelatin which contains glycine also detoxi- 
cates benzoic acid to the extent of its glycine content. 

6. Meat protein in an amount used in this investigation 
contains too small an amount of glycine to show a pronounced 
effect on the hippuric acid production. However, the benzoic 
acid conjugated with glycine represents 66 per cent of the com- 
bined, which is a higher level than the average of all the experi- 
ments when casein was given (63 per cent), 16 gm. of benzoic acid 
having been administered in this series. 

7. The rate of hippuric acid elimination depends directly upon 
the quantity of available (preformed) glycine and is highest in the 
case of gelatin; it is lower when casein is fed, and lowest when 
benzoic acid is given alone. 

8. When benzoic acid is administered in large quantities to a 
pig this animal elimine+2s benzoyl glycuronic acid. Other in- 
vestigators working w-.0 pigs as subjects for experimentation 
failed to observe this fact. A method of determination of this 
compound is presented, based on its reducing property, and 
thereby a more reliable technique for the hippuric acid deter- 
mination has been obtained. 

9. The amount of glycuronic acid averaged 9.58 gm. a day, 
when casein represented the sole protein, compared with 2.49 
gm. daily when gelatin was the only source of protein adminis- 
tered. 10 gm. of glycine added to the casein diet resulted ina 
daily elimination of 2.77 gm. of glycuronic acid, showing that the 
glycine in the gelatin is responsible for the decrease in glycuronate 
formation. 

10. The presence of this reducing substance in the urine did 
not increase the blood sugar level in the first 5 hours when casein 
was given simultaneously with benzoic acid, although approxi- 
mately 40 per cent of the benzoyl glycuronic acid present in a 24 
hour urinary specimen was found to be eliminated in the first 
6 hours after giving benzoic acid. After a starch diet 80 per cent 
of the total may appear in the urine within 8 hours. 

11. In a limited sense an inverse relationship exists between 
the glycine content of the protein fed and the quantity of gly- 
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curonate eliminated after benzoic acid is administered and a direct 
proportion between the amount of this amino acid and the 
hippuric acid excreted. 

12. Since the specific dynamic actions of equal amounts of 
meat, gelatin, and casein are practically identical, it is evident 
that this cannot depend upon an equality of glycine production 
after their several administrations to an animal. 
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I. INTRODUCTION. 


The preceding paper by Csonka led to the inquiry whether, 
after giving benzoic acid to a pig, there would be a reduction 
in the heat production of the animal as a consequence of the 
withdrawal of glycine and its stimulating effect upon the metabo- 
lism. Some of the work accomplished on the dog and reported 
in-“Animal calorimetry, Paper XXVI’”’ was repeated with the 
pig and incidentally the production of fat from carbohydrate 
was investigated. 
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II. THE BASAL METABOLISM. 


A young Berkshire hog 8 weeks old (on the testimony of the 
farmer who bred him) and weighing 16.7 kilos was received into 
the laboratory on October 25, 1923. His measured length from 
nose to buttocks and his weight were thus recorded: 











Date. Age. | Length. | Weight. 
| 
ae — —_ — — — 
1923-24 | days cm | kg 
Oct. 25 56 |. 60 16.7 
Dec. 17 78 20.0 
= 88 | 90 20.2 
Jan. 28 121 | 94 27.2 
Apr. 2 186 30.7 
May 8 222 107 








Several determinations of the basal metabolism were made 
between the 78th and 186th days of the life of this young animal. 
The “standard diet’’ contained 300 gm. of corn-starch and 1 liter 
of milk (about 5.5 gm. of N). Since the pig, when partaking of 
this diet, eliminated 1.6 gm. of urinary nitrogen on December 
27 and 2.8 gm. on January 23, it is evident that there was very 
little protein available for normal growth. Other factors limit- 
ing growth were the influence of frequent administrations of 
benzoic acid, a reduction in the caloric intake when starch was 
at times omitted from the evening meal and milk alone was 
given. On the other hand, the occasional addition of casein to 
the diet of the animal favored the growth process. 

Under ordinary circumstances, Joseph (1) shows that a pig 
may increase in weight from 23 to 113 kilos in 174 days and he 
also comes to the significant conclusion: ‘‘When the supply of 
protein is deficient either quantitatively or qualitatively it 
seems that only the amount of the body protein is affected while 
the character of the proteins formed in the various tissues is 
unchanged.” 

Deighton’s hog (2), which led a normal, active life and was 
excellently nourished, grew from a weight of 12.8 kilos at an age 
of 75 days to one of 88 kilos at an age of 184 days. It is evident 
that limitation of the protein factor in the diet, together with 
restricted confinement in a small cage over a long period of 
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time, prevented the normal growth of the pig in this laboratory 
and may partly explain the curious results presented in Table I. 

In work with the pig very high respiratory quotients and an 
increased metabolism were observed even 18 hours after giving 
300 gm. of starch. For this reason only 1 liter of milk was given 
on those days when the true basal metabolism was to be deter- 
mined on the morning of the following day. This differentiation 
between the basal metabolism during periods of very high and 
the usual respiratory quotients was made only after the experi- 
ments had been carried on for some time and hence this factor 
pervades the research. 

It is quite striking that the basal metabolism of the pig scarcely 
changed from December 17, when it weighed 20 kilos, and was 
78 days old, until April 2, when the weight was 30.7 kilos and 
the age 186 days. The average figure is 28.6 calories per hour. 
If one excepts Experiment 41, during which the pig was probably 
sound asleep, the other experiments show an extreme variation 
of +3 per cent. . 

The quantity of heat lost by vaporization of water averaged 
exactly 20 per cent of the total calories, a result similar to that 
obtained on man and on the dog. 

When high respiratory quotients were present the heat produc- 
tion showed an average increase of 24 per cent above the basal 
level. This high metabolism betokens a plethora of glucose 
molecules available for oxidation and the high quotients a con- 
version of carbohydrate into fat, a question which will be dealt 
with later. 

Deighton states that his growing pig manifested a metabolism 
of 1,032 calories per square meter of surface daily, whereas the 
older animal of Capstick and Wood (3) eliminated 906 calories. 
The formula 

Surface = 9 WY Weight: 
was used. A similar calculation for our animal reveals ‘the 
following relations. : 





| 1983 | 1924 
OS Ee ee ee Apr. 2 
Ro a i 20 | 30.7 
I TG hn ns sists Maks ch GaN ead ees 0.663 0.882 
Calories in 24 hours (average of the period)... 686 | 686 


“ 


ee eee eee 1,035 | 778 
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24.5 per cent increase over 
the basal (28.6 calories). 
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A fall in the basal metabolism per square meter of surface 
a usual accompaniment of protein undernutrition (4). The 
maintenance of a constant level of basal metabolism in a stunted 
young animal has not heretofore been observed. It finds its 
only counterpart in the fact that boys of thirteen produce the 
same number of calories of basal metabolism as their fathers, as 
found by Du Bois (5), and girls of both twelve and seventeen 
have an average basal heat production of 1,250 calories per day 
irrespective of age, as found by Benedict and Hendry (6). These 
facts, however, have to do with the age of the protoplasm. In 
the young growing pig there undoubtedly would have been no 
such constancy of metabolism had protein not been a limiting 
factor in the diet. Indeed, Deighton’s well nourished pig, 133 
days old, weighing 29.5 kilos, showed a basal heat production of 
1,483 calories per day, or twice that shown by our animal at the 
time of the same weight. It may be remarked that Coleman 
and Du Bois (7) attribute the high heat production of boys as 
due to the intensity of the growth processes, and they also point 
out that a higher basal metabolism exists during convalescence 
from typhoid fever when there is a renewal of lost cellular material. 
Perhaps the absence of a high metabolism in the pig is due to a 
restriction of the growth process. 


III. THE INFLUENCE OF BENZOIC ACID. 


The administration of 8 gm. of benzoic acid in the form of 
sodium benzoate had no influence upon the basal metabolism 
of the hog. The urinary analysis showed that only 0.281 gm. of 
glycine per hour was withdrawn from the metabolism of the 
pig by this procedure (Csonka, previous paper, p. 576). When 
the same dosage was administered during a period of high respira- 
tory quotients the metabolism rose in an average of two experi- 
ments so that it measured 2 calories per hour above the level 
found on other days free from the influence of benzoic acid when 
the high quotients were found 18 hours after food ingestion. No 
significance is attached to this. The absorption of benzoic acid 
and the synthetic production of hippuric acid may therefore be 
accounted to be without influence upon the energy metabolism 
of the pig. 
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When 10 gm. of hippuric acid were given to the pig the heat 
production in one experiment rose only 2 per cent above the 
normal. When 10 gm. of hippuric acid were given during the 
high respiratory quotient periods there was an inappreciable 
increase in the heat production which averaged 0.8 calorie. 
The absorption and elimination of hippuric acid may therefore 
be accounted to be without influence on metabolism, thus re- 
sembling urea in this regard. 


IV. GLYCINE AND BENZOIC ACID. 


The administration of 10 gm. of glycine to the hog resulted 
in an average increase above the basal metabolism of 6 per cent, 
a very slight effect. When 10 gm. of glycine were given with 
8 gm. of benzoic acid there was no increase whatever. Benzoic 
acid, uniting with the ingested glycine, prevented the specific 
dynamic action of the material. 

Curiously enough, however, when the same materials were 
given at a time of high respiratory quotients 18 hours after the 
ingestion of starch, there was an average increase of 50 per cent 
above the level of the basal metabolism. The respiratory quo- 
tients averaged 1.17. The only other instance in which the 
metabolism reached this height was in the hours following the 
ingestion of 200 gm. of rice and 50 gm. of glucose when it rose 
54 per cent, and the respiratory quotient was also 1.17. 
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V. CASEIN, GLYCINE, AND BENZOIC ACID. 


Casein, 43.7 gm., containing 6 gm. of nitrogen, was given to 
the pig and an increase of 12 per cent in metabolism was noted. 
The conditions were highly favorable for the retention of protein 
by the animal. When 43.7 gm. of casein, 10 gm. of glycine, 
and 8 gm. of benzoic acid were given, an average increase of 12 
per cent was found from two widely disagreeing experiments. 
According to Csonka (previous paper, p. 572), when glycine 
unites with benzoic acid the protein of casein is as readily de- 
posited in the body as when casein alone is given. On a priori 
grounds one would therefore expect to find the same metabolism 
in the two instances. 

Moreover, four experiments done on successive days during a 
period of high respiratory quotients show that the metabolism 
after giving casein and benzoic acid, and the same plus glycine, 
is the same by the two procedures. 
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VI. GELATIN, GLYCINE, AND BENZOIC ACID. 


Administration of 40.4 gm. of gelatin (6 gm. of N) to the pig 
increased the metabolism 8 per cent; giving the same plus 10 
gm. of glycine, 10 per cent (as calculated from the basal metabo- 
lism of the following day); and after these two materials plus 
benzoic acid, 13 per cent. Benzoic acid exerted no pronounced 
influence. ‘ 

In the experiments with high respiratory quotients the results 
obtained are extremely variable. One may, however, justly 
compare Experiments 20 and 21, done on successive days, in 
both of which gelatin and benzoic acid were given and in the 
former of which 10 gm. of glycine were also added. In the first 
of the two the respiratory quotient was 1.02 and the heat pro- 
duction 35.3 calories per hour; in the latter these figures were 
1.05 and 35.4, respectively. Here again benzoic acid was with- 
out influence upon the heat production. 
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VII. THE PRODUCTION OF FAT FROM CARBOHYDRATE. 


The question of the production of fat from carbohydrate has 
already been discussed by Lusk (8) in Paper XI of this series. 
It was set forth that in the production of 100 gm. of fat contain- 
ing 950 calories from 270.06 gm. of glucose containing 997.2 calo- 
ries there was a loss of heat equal to 5 per cent. Bleibtreu’s 
formula, which was employed in these calculations, reads: 


270.06 gm. glucose = 100 gm. fat + 115.45 gm. CO, + 54.6 gm. H;O 


Each liter of carbon dioxide liberated in this anaerobic reaction 
had a calculated heat value of 0.80 calorie. In the computation 
of the calories of metabolism by the indirect method, whenever 
the non-protein respiratory quotient exceeds unity, it is necessary 
to calculate the number of liters of carbon dioxide by which this 
quotient is exceeded, multiply by 0.8 calorie, and add the prod- 
uct to the calculated heat value of the protein and carbohydrate 
which are being oxidized. 

From these data one may further compute that / liter of extra 
CO, elimination above the non-protein respiratory quotient of unity 
corresponds to the deposition of 1.7 gm. of fat which is derived from 
the metabolism of 4.80 gm. of glucose, or 5.06 gm. of starch. The 
values given in this paper are computed from these figures. 

Table VII summarizes the results obtained in all the experi- 
ments in which high respiratory quotients were obtained, omit- 
ting those in which the addition of protein or glycine to the diet 
involved complications. 

Of outstanding interest is the fact that high respiratory quo- 
tients were obtained 18 to 22 hours after the administration of a 
liter of milk and 300 gm. of corn-starch to the pig. This 
“standard diet” had the following composition. 

















| Protein. Fat. Carbohydrate. Total 
= ies Se | ae = 
| om. | cals. gm. | cals. gm cals | cals 
r ae 
Milk, 1 liter............... | 32 | 131 | 38 | 353 | 
| | 
| 


50 | 200) 684 
Corn-starch, 300 gm....... 270 | 1,107) 1,107 
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The composition of the food was obtained from standard 
tables. 

In Experiments 31, 44, and 48, in which the basal metabolism 
was obtained 18 hours after this diet, the pig had received carbo- 
hydrate food in quantity during the morning of the day before 
(see Experiments 43 and 47) from which some part of the energy 
for the day must have been derived. 

It is notable that after giving rice and benzoic acid at 10.35 
a.m. (Experiment 47) the respiratory quotient was 1.17, and 
that after following this with the standard diet at 5 p.m. the 
respiratory quotient the next day, between noon and 2 p.m., 
was again 1.17 (Experiment 48). In like manner, after giving 
200 gm. of rice and 50 gm. of glucose at 10.30 a.m. the respiratory 
quotient was 1.17 between 11.30 a.m. and 2.30 p.m. (Experi- 
ment 43). The standard diet was taken at 5 p.m., and the next 
day between noon and 1 p.m. the respiratory quotient was found 
to be 1.22 (Experiment 44). 

It is evident that after taking the “standard diet” alone high 
respiratory quotients may be noted 18 and more hours after the 
food intake, and Experiments 6 and 23, in which nothing else of 
food value was taken, bear added testimony to this. 

According to the computations in the first four tabulated 
experiments in Table VII one may estimate that the pig retained 
2.53 gm. of fat per hour or 60.7 gm. during 24 hours, an amount 
equal to 83 per cent of the calories of the basal metabolism. 
A calculation of the factors entering into the situation reveals 
the following relations. 





Calories of the basal motaboliam. «.........sesccsevccsvecceses 686 
2 “ “ specific dynamic action of carbohydrate....... 154 

” “ materials deposited: 
Fat (60.7 gm.) from carbohydrate.’..................0000- 576 
ge nearer a 353 
oo kt ° er errr er 102 
SRS Ear ee ee reer eo ~ eer er 1,871 
en tr III IIS... 5 5.0 0s cc. ccdwcesseckwedageccs wean 1,791 


* Protein metabolized. 


This computation shows an agreement within 5 per cent. 
More than half of the calories may be retained for growth. The 
calculation allows no margin of energy for the performance of 
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external work. That such work may be accomplished at the 
expense of the deposition of fat is, however, evident from the 
following experiment. 


Experiment 44—Basal Metabolism. 








Calories per hr. | R.Q. | Behavior. 
slahteasied 
34 1,22 Quiet. 
38.2 1.13 Restless. 
46.0 1.01 Much movement. 





It is evident that the cost of muscular activity was at the ex- 
pense of carbohydrate which would otherwise have been con- 
verted into fat. 

- The carbohydrate equivalent of the standard diet is 317.5 gm. 
of starch and, since 1 gm. of starch may produce a maximum of 
0.336 gm. of fat, one may estimate a possible theoretical produc- 
tion of 107 gm. of fat from this source, whereas the figures given 
show an average production of 60.7 gm. 

The maximum production of fat from carbohydrate occurred 
immediately after giving corn-starch and glucose together and 
reached a rate of 82 gm. per day (Experiment 28). In two 
experiments of this nature (Experiments 28 and 29) the deposi- 
tion of fat in terms of energy equivalents was 112 per cent above 
the basal metabolism. It represented a producticn of fat from 
carbohydrate which was 77 per cent of the possible maximum. 

It is evident that the pig is quite a remarkable fat-producing 
machine, the process being vigorously continued for 21 or more 
hours after the ingestion of a single meal rich in starchy food. 

Comparing the results presented here with those obtained by 
Meissl and Strohmer (9) many years ago, one may calculate the 
following. 

















| Fat from carbohydrate. 
Weight. 
Per day. Per kg. 
kg. gm. gm. 
a ae a ae 28 61 2.1 
Pig of Meissl and Strohmer................. | 140 310 2.2 
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The results after giving benzoic acid to the pig show no influence 
upon either the level of the total metabolism or the function of 
fat production from carbohydrate. 

As previously shown by Lusk (8), the results demonstrate that 
the height of the total metabolism is not proportional to the 
height of the respiratory quotient. The process of the forma- 
tion of fat from carbohydrate requires little energy. 

The alcohol checks covering the period in which these experi- 
ments were accomplished have already been published in Table 
XII of Paper XXVI of this series (10). 


VIII. SUMMARY. 


1. A pig 11 weeks old and 20 kilos in weight at the beginning, 
and nearly 27 weeks old and 31 kilos in weight at the end of the 
period of experimentation, manifested an average basal metabo- 
lism of 28.6 calories throughout the period with a plus or minus 
variation of 3 per cent (one low observation excepted). 

The protein element in the pig’s diet was notably restricted, 
thereby giving little play of the growth impulse. The stunted 
pig appeared perfectly healthy throughout the experimental 
period. 

2. The heat loss by vaporization of water was 20 per cent of 
the whole. 

3. The synthesis of benzoic acid with glycine to form hippuric 
acid has no certain effect upon the heat production under very 
varied conditions of diet. 

4. The ingestion of 10 gm. of hippuric acid has no influence 
upon the heat production. 

5. After administering 300 gm. of corn-starch and 1 liter of 
milk at 5 p.m. the process of formation of fat from carbohydrate 
was vigorously continued for 21 hours or more. 

6. More than half of the calories of the diet could be retained 
for growth. 

7. The maximum amount of fat manufactured from carbo- 
hydrate and retained by the pig during an hour amounted to 
3.4 gm. or at the rate of 82 gm. per day and 77 per cent of the 
possible maximum. The respiratory quotient reached 1.25. The 
average retention of such fat was 2.53 gm. per hour or 61 gm. 
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per day, which was over half (56 per cent) of the amount 
theoretically derivable from the carbohydrate administered. 
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ON THE NATURE OF BLOOD SUGAR. 
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In a paper “On the nature of the sugar in blood,’ Winter and 
Smith (1) have recently advanced the interesting suggestion that 
the sugar in normal blood is the highly reactive isomer y-glucose 
while in cases of severe diabetes the blood sugar is in the relatively 
stable a-8 form. 

The experimental evidence on which this hypothesis is based 
consists in the observation that deproteinized extracts of normal 
blood when examined polariscopically over a period of 3 days 
show a progressive downward rotation, and at the same time the 
power of these extracts to decolorize potassium permanganate 
decreases. It was also noted that sugar in the extracts as deter- 
mined by polarization was invariably lower than when the analysis 
was made by titration (Bertrand method). On the other hand 
deproteinized extracts of blood taken from severe diabetics were 
found to show the phenomena just enumerated, either not at all, 
or in a greatly lessened degree. In a later communication (2) 
Forrest, Smith, and Winter have published further results con- 
firming their earlier work on diabetics, and have also given 
an account of work on these patients treated with insulin, 
which leads them to believe that after the therapeutic use of 
this substance the blood sugar of the diabetic contains a 
greater proportion of the normal form of reducing sugar 
than before treatment, while in a third communication (3) Winter 
and Smith present a brief note on work done on rabbits made 
hyperglycemic by means of epinephrine injections, in which the 
statement is made that in this condition the mixture of sugars 
present in the blood would appear to be similar to that existing in 
diabetic blood before the injection of insulin. As a result of the 
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above work Winter and Smith have suggested the hypothesis that 
the cause of diabetes is the absence or inactivation of an enzyme 
whose function is to transform the relatively stable a-8-glucose 
into the exceedingly unstable y form. The above mentioned 
hypothesis has been condemned on theoretical grounds by Hewitt 
(4) and by Macleod (5), neither of whom has undertaken a repeti- 
tion of the work of the first named investigators. Such a repetition 
has, however, been made in Macleod’s laboratory by Eadie (6), 
who has worked with the blood of normal rabbits and dogs, and 
with the blood of rabbits to whom epinephrine or epinephrine and 
insulin had been administered. The experimental results pre- 
sented by this investigator can in our opinion be scarcely con- 
sidered as confirming the observations of Winter and Smith, 
although Eadie himself refrains from any attempt at an inter- 
pretation of his work. 

Work on the problem has recently been published by van 
Creveld (7), who, instead of employing chemical methods for the 
removal of protein, used for his experiments the aqueous humor 
of the eye and ultrafiltrates of serum and of artificial transudates. 
His experiments with this material led him to conclude that it was 
impossible to determine with certainty the existence of a possible 
mutarotation with the normal unconcentrated eye-chamber liquid, 
and after subconjunctival injection of adrenalin the aqueous 
humor “does not show mutarotation of any importance and that 
the optical value under these conditions closely corresponds to the 
reduction value. Reduction and optical value of serum- 
ultrafiltrate, of concentrated serum-ultrafiltrate, of aqueous 
humour and of concentrated aqueous humour, compared during 
four to five successive days, may remain the sanfe from the 
beginning of the experiment.” 

A repetition of the work of Winter and Smith has also been 
made by Visscher (8), who states that he was able to corroborate 
their observations with normal blood, but found that the same 
difference that these investigators found to exist between normal 
and diabetic blood could be obtained by varying the H ion con- 
centration of the deproteinized extract from normal blood. If 
the filtrate was nearly neutral it behaved like normal blood, but 
if strongly acid its behavior resembled that of diabetic blood. 
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Our work on the problem was undertaken without knowledge of 
the publication of Eadie and was largely completed before the 
appearance of the communications of van Creveld and of Visscher. 
As our experiment, while giving the same general results as have 
been described by these investigators, has led us to somewhat 
different conclusions it has seemed best to publish them at this 
time. 


Procedure. 


Experiments have been carried out on known amounts of 
glucose diluted to the concentration existing in normal and in 
diabetic blood and mixed with such amounts of inorganic salts 
and of the various non-protein nitrogenous constituents of blood 
as exist normally in this fluid. Two such solutions were 
used for this work which differed only in the fact that one con- 
tained creatine and creatinine and in the other these substances 
were omitted. 

The composition of these stock solutions were as follows: 





Solution 2. 














Solution 1. 
mg. per 100 cc. mg. per 100 cc 
nls dee Ae Rn aati wade auaademese 30 30 
ET Ee ea ERCP re 60 
I eee A DD > eae SO Re 0 2 
eo ls tenet 0 6 
MI tiie tid dn Sica thigkaea ian sis ans 600 600 
us sie ea cen mabawae en eames 400 400 
MgSO, peSce eer eceseceseseesesenesesnecees 15 | 15 
IE nn naira learn dgaenanienneia 24 24 








Our work on animals has been carried out on the blood of rabbits 
who were stunned by a blow onthe head and then quickly de- 
capitated, on blood obtained from the carotid artery of fasting 
dogs, and on beef blood secured from the slaughter-house. 

Our blood samples were precipitated by the Folin-Wu method, 
the filtrate was evaporated under reduced pressure, and the residue 
subsequently extracted twice with 85 per cent alcohol, again 
evaporated to dryness under reduced pressure, and subsequently 
redissolved in water; all exactly as described by Winter and Smith. 
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As prescribed by these authors the processes of evaporation, 
filtrations, etc., were carried through with the greatest possible 
speed, and in no case was this part of the experiment extended 
over a period of more than 6 hours, while many of the experiments 
were complete in 3 or 4 hours. In order to obtain the concen- 
trated extracts in a condition sufficiently clear for polariscopic 
work it was necessary to pass through a filter prepared from a dise 
of filter paper supported on an asbestos mat, the whole being 
contained in a Gooch crucible. In a few cases (noted in the 
protocols given below) the addition of a small amount of alumina 
cream was found essential for efficient clarification. The deter- 
mination of reducing sugar in the original blood was made by the 
method ‘of Folin and Wu (9) and in the concentrated protein-free 
extracts by the procedure of Shaffer and Hartmann (10). 

Determinations of H ion concentrations were made with the 
colorimetric method by the use of buffer solutions which had been 
standardized electrometrically. Tests of the ability of the blood 
extracts to decolorize potassium permanganate were made by 
allowing 0.01 N potassium permanganate to fall drop by drop into 
1 ec. of the liquid which had previously been heated to about 
50°C. 

. During the period of storage the polariscope tubes were kept 
in the dark room in which the readings were made, which was 
found to have a temperature which varied only between 19° and 
21°C. 

In our investigations we used a Schmidt and Haensch 3-field 
instrument of the Lippich type, reading direct to 0.01° and 
Schmidt and Haensch 2 and 1 dm. tubes. Readings were taken 
at 19-21°C., and to preserve the dark adaptation of the 


observer’s eye as far as possible, scale readings on the instrument . 


were made with a small shielded flashlight. Preliminary experi- 
ments indicated that sodium light was not sufficiently intense to 
allow adjustment of the field of the instrument within the ob- 
server’s known error on stable aqueous glucose solutions, and since 
the determination of whether or not any mutarotation occurs in 
the glucose solution was of more importance in the problem under 
investigation than the accurate determination of the ratio between 
the polarimetric and copper-reducing values we have abandoned 
the use of sodium light entirely and in all our experiments have 
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used a 100 e.p. electric bulb with a compact spiral filament as a 
source of light, and as a filter a 3 cm. layer of 3 per cent K,Cr.O;. 
In Table I we have collected the results obtained with blood. / 
inspection of these figures shows: 
1. That the percentage of glucose in the blood extracts * 
invariably higher when determined by copper reduction thas 


A 









when calculated from the optical rotation, a finding which haX® 


been noted by earlier investigators. Furthermore, it would 
appear to us that such difference in results obtained by the two 
methods is only what may be expected in view of the fact that 
there are undoubtedly present in blood substances other than 
glucose which are responsible for a part of the optical rotation and 
of the reducing power of deproteinized extracts. 

2. We are unable to confirm the findings of Winter and Smith 
regarding a loss or lessened activity for decolorization of potas- 
sium permanganate by the blood extracts after standing for several 
days, as in only one case (Experiment 14) was any loss of reducing 
power observed. 

3. Our results as far as they go do not give confirmation to the 
suggestion of Visscher regarding the effect of hydrogen ion con- 
centration on the changes in optical rotation and on reduction. 
It may be said, however, that so far Visscher has only published 
his work in abstract form in which no specific data regarding the 
degree of acidity is given, so that it is quite possible, that the 
variations in hydrogen ion concentration used by us, are not of the 
same magnitude as those employed by this investigator. 

4. In looking over our figures it will be seen that in certain cases, 
as for example Experiments 1, 2, 20, etc., there was no decrease 
in rotation while in other experiments, viz. Nos. 15 and 11, a 
distinct reduction was observed. In considering the cause of 
this dissimilarity of conduct in blood extracts, all of which had 
been prepared by the same technique, it was noted on critical 
examination of the protocols of each experiment that in every 
case in which a drop in rotation was observed this fall coincided 
with the appearance of molds in the liquid contained in the polari- 
scope tube. This finding led us to substitute sodium or potassium 
fluoride alone or mixed with thymol, for the potassium oxalate 
heretofore used as an anticoagulant, with the result that in our 
subsequent experiments no drop in rotation was observed. Ex- 
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TABLE I—Berpers 
Daily readings in degrees. | 
j fe 
a Anticoagulant. Blood used.| Blood. l | | all 
3 $| 
E 1 2 | 3 | | 5 }old) 
i | | | |] ta 
=e a Econc: he — 
om | ~~ _ 
100 ce. | | ca 
1 Potassium oxalate. Dog. 0.16 | 0.17 | 0.16 | 0.17 | 0.16 0.160.153 
5 “ “ «- 1158 | 0.20 0.22 | 0.20 | 0.20 | | Io 
14 “ “andthymol.; “ 200 | 0.20 | 0.22 | 0.24 | 0.22 | 0.21 (0.19.1 
15 . oxalate. . 200 | 0.15 | 0.19 | 0.18 | 0.11 | 0.10 '0.1110,1 
11 “ “ Rabbit. | — | 0.19 | 0.17 | 0.15 | 0.16 10.15)  o.lg 
20 “ “ Beef. | 107 | 0.03 | 0.03 | 0.05 | 0.00 +0. 0.080 
21 «“ a “ 107 | 0.03 | 0.03 | 0.00 | 0.03 | 0. 10.08 
22 | Sodium fluoride. “ 107 |-0.05 | 0.00 |-0.02 |-0.05 | 1? 
23 . | 107 | 0.00 |-0.03 |-0.04 | | ry 
6 ” “ | Dog 158 | 0.34 | 0.35 | 0.35 | 0.36 | 0.33) 
12 Potassium fluoride. ie 132 | 0.00 | 0.00 | 0.10 | 0.14 | 0.15 0.15 - 
| | | 
| } | } 
13 “ “ « | 182. | 0.80 | 0.82 | 0.31 | 0.28 | 0.30 0.310.280 
16 | Sodium fluoride. | . | 200 | 0.19 | 0.17 | 0.17 | 0.19 | 0.17 0.180 
| | 
7 P “ andthymol.| “ | 200 | 0.29 | 0.27 | 0.30 | 0.28 | 0. 0.280 
18 | Potassium oxalate. Rabbit. | 362 | 0.75 | 0.75 | 0.79 | 0.73 0.71 (0.680.710 
: | | } | | 
| Pood |) 
| | | | | 
| | | | | | 
19 «“ « | « | | 0.41 | 0.36 | 0.40 | 0.8 
| | | 





416 | 0.40 | 0.38 


*Unless otherwise specified all readings made in 2 dm. tubes. 





periment 12 is unique in that the polariscope readings increased 
as the solutions become older, a result which we are unable to 


explain. 


Results on the same order as those with blood extracts were 
obtained when we worked with solutions of glucose, salts, and 


nitrogenous extractives. 


The figures on this material are col- 


lected in Table II, and it will be seen that here, as in the case of 
the blood extracts, the percentage of glucose as calculated from 
the polariscope readings is invariably less than when determined 
by titration. 
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bap Blood. 
| KMnO,: | 
Lt ii on 
| nity by: 0.01 N 
“4 a | in al Remarks.* 
eee 
6/4 § : | i _ | 
‘lel@ele 6) 2] é | 
- a cece maane a ace 
oldie) | | | | 
ik | | | | Nomold. 
| 4.64.4, « 
taoe 6 CF 
| 3.2} 3.5) Small mold formation on 4th day. 
4.6) 4.9 . “ ws “ 8rd “ Readings made inal dm. tube. 
5.4! 5.4 Al(OH); to clarify. No mold. 
4.0 4 0 “ “ “ “ “ 
6. 4 6. 4! “ “ “ “ “ 
1.8 1.8 “ “ “ “ “ 
6.2) 6.4) No mold formation. 
4.5) 4.6 “ : “This experiment unique in that readings 
| inereased. 
5.1) 5.1; No mold formation. 
| 6 6| 6.5! Al(OH); added to clarify, considerable protein present. No 


mold formation. 
| 6.6) 6.6) Al(OH); added to clarify. No mold formation. 

4.6) 4.6) Received 1 cc. of a 1:1,000 solution of epinephrine subcutane- 
| ously at 8.00 a.m. and a second injection of 2 cc. at 8.30. Blood 
collected 30 minutes later. No mold formation. Weight of 


La | | animal 3.3 kg. 
2 0.330Ra 54 15 | 15 | 4.6) 4.2} Received the same dose of epinephrine as in Experiment 18. 
| Weight of animal 3.2kg. No mold. 





In the case both of blood extracts and of solutions we have 
observed that, while a fall of rotation is noted to be coincident with 
the appearance of a growth of mold, the copper reduction value 
does not always change (as for example in the case of Experiments 
15, 4, and 9, although sometimesit does as in Experiments 3 and 7. 
In our opinion the first mentioned result can only be explained on 
the assumption that the mold is here nourished by some sub- 
stance other than glucose. 
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SUMMARY. 


In a repetition of the work of Winter and Smith on the nature 
of blood sugar, we have attacked the subject from the three points 
which these authors consider as giving evidence in favor of the 
theory regarding the presence of y-glucose in normal blood: 
first a decreased power on the part of the blood extracts to de- 
colorize potassium permanganate solutions when these extracts 
are kept for 3 days at laboratory temperature; second a progres- 
sively decreasing power to rotate polarized light; and third a 
difference between the percentage of glucose in these extracts when 
calculated from the polariscope reading and from titration. 

As regards changes in ability to decolorize potassium per- 
manganate we have been entirely unable to confirm the findings 
of Winter and Smith as no decrease in reducing value occurred in 
any of our extracts. 

As regards polariscopic observations, we have found that the 
gradual fall in rotation in extracts from oxalated blood, and 
observed for a period of 3 or more days, was coincident with the 
appearance of mold in the solutions, when sodium or potassium 
fluoride either with or without the addition of thymol was sub- 
stituted as an anticoagulant for potassium oxalate, the changes 
in rotation described by these investigators were not observed 
either in blood extracts or in “artificial blood extracts” prepared 
from glucose, salts, and nitrogenous extractives. 

When a comparison was made of the percentage of glucose in 
our blood extracts calculated from the polariscopic readings and 
from titration (Shaffer-Hartmann method) it was found, as was 
pointed out by Winter and Smith, that higher results were ob- 
tained by the latter method. It was also noted, however, that a 
similar result was obtained with our “‘synthetic’’ blood extracts 
prepared from glucose, salts, and nitrogenous extractives and 
subjected to a distillation and extraction process exactly similar 
to the one used on blood. 

Our results, therefore, make it seem unjustifiable to consider 
that the experiments of Winter and Smith furnish proof of the 
existence of y-glucose in normal blood. 
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THE BIOLOGICAL VALUE FOR MAINTENANCE AND 
GROWTH OF THE PROTEINS OF WHOLE 
WHEAT, EGGS, AND PORK. 


By H. H. MITCHELL anv G. G. CARMAN. 
(From the Department of Animal Husbandry, University of Illinois, Urbana.) 


(Received for publication, May 10, 1924.) 


The experiments to be reported in this paper were planned with 
two objects in view: one, to obtain quantitative information con- 
cerning the relative biological values for maintenance and growth 
of the proteins of whole wheat, egg, and pork, as determined by 
investigation of the utilization by growing rats of their content of 
total nitrogen, and the other, to test out the method adopted in 
this laboratory (1) of conducting such investigations and of inter- 
preting the results secured. It was desired, in particular, to dis- 
cover whether the order in which a series of foods was tested influ- 
ences in any way the biological values obtained, and whether the 
utilization of food proteins is increased if fed immediately after 
a 10 day period in which the experimental subjects are greatly 
depleted in nitrogen by subsistence on a low nitrogen diet. 

A litter of nine rats, weighing from 70 to 80 gm. each, was 
divided into two groups, one of five and one of four rats. The 
first group was fed the different rations in the following order: 
protein-free, wheat, egg, pork, and protein-free. The order of 
feeding for the second group was as follows: protein-free, egg, 
pork, wheat, and protein-free. The feeding periods were of 10 
days duration, on the last 7 days of which collections of feces and 
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urine were made. The only change in procedure from that 
already reported was that the rat, instead of resting directly on 
the filter paper mat in the bottom of the crystallizing dish, was 
supported about 3 inch above the filter paper on a circular disc 
of } inch mesh wire screen, resting on a bent heavy glass rod (see 
Fig. 1). By this means consumption of feces an: filter paper by 
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the rat was practically entirely avoided. 
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To maintain the appetite of the rats throughout the experiment, 
ach rat was given, aside from its food, 25 mg. daily, in all periods, 
of a commercial vitamin B product (yeast vitamin-Harris powder), 
prepared according to the method of Osborne and Wakeman. 
This amount contained by analysis 2.34 mg. of nitrogen, 16 per 
cent of which was free amino nitrogen, and 28 per cent free and 
combined amino nitrogen. The possible vitiating effect of this 
small amount of nitrogen on the estimations of biological value 
has been discussed elsewhere (2). The figures given in the tables 
for nitrogen intakes and biological values do not include or involve 
in any way this amount of nitrogen. 





Fic. 1. Equipment used in metabolism investigations on rats, 


The protein content of the rations to be tested in this experiment 
was approximately 8 per cent; 7.e., sufficiently low so that, even 
on the best protein, maximum retention of nitrogen would hardly 
be attained. Their composition is given in Table I. 

The egg, pork, and wheat were dried at a low temperature; the 
egg and pork were subsequently partially extracted with ether to 
remove the excess fat. The Osborne and Mendel salt mixture (3) 
was used. With the protein-free raticn, all the ingredients, except 
the fats, were mixed with water and steam-cooked until the starch 
was thoroughly dextrinized, the fats were then mixed in, the mix- 
ture was dried at a low temperature, and ground tn the laboratory 
mill. The other rations were not cooked. The dried rations 
were weighed out for the rats each day, and mixed with water to 
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prevent scattering as far as possible. Residues remaining in the 
food cups were removed each day, dried, and the total weekly 
residue was subtracted from the total food offered to obtain the 
average daily intake. Except in the last period of feeding on the 
protein-free diet, no appreciable scattering occurred. In the last 
period, in which the scattered food was contaminated with urine, 
the nitrogen content of the food residues was determined in order 
to get the total excretion of urinary nitrogen. 

The results and calculations pertaining to the first group of five 
rats are given in Table II and those for the second group of four 
rats are given in Table III. 

The estimated “‘metabolic nitrogen” in the feces for all rats on 
the egg and pork rations was larger than the total fecal nitrogen 











TABLE I. 
Percentage Composition of Rations. 
Proteitee| megration| Perk | Wheat 

Ee reer 67.7 

iced aciirk oath aa a deaeamaa oe 11.5 

SR caivtes- aes ca reaewonuen 10.2 
Teaco od batcan sue dase eeren 7 64.5 65.8 15.3 
Re oe ns tte ee OU als 10 10 10 5 
ES ST ED sea aE 8 8 8 8 
Eo acios wale sc-ahwe nanan 2 2 2 2 
NE goa bemae eons Wace acne 4 4 4 2 
IN tinea os cece ena as 0.055 1.369 1.368 1.303 














actually obtained, so that there is no reason for doubting that 
complete absorption of dietary nitrogen was attained in these cases. 
As in most of our experiments, the endogenous losses in the urine 
per 100 gm. of body weight decreased from the first to the 
last period. In estimating the food nitrogen in the urine in 
the intervening periods, therefore, it was assumed that this 
decrease was linear. The biological values, included in the last 
column of the table, represent the amount of dietary nitrogen 
consumed minus the estimated losses in feces and urine, in per- 
centage of the absorbed nitrogen. 

For both groups of rats it is evident that a clear distinction 
existed between the protein values of the three foods investigated. 
The outstanding superiority of the nitrogen of egg is notable. 
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TABLE II. 
Metabolism Data and Computa 





Protein Value of Wheat, Eggs, and Pork 


tions for Group of Five Rats. 
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elieliz/aAl/aéalaéalaéale"la l[ele;/e lala 
Period 1. Protein-free ration. 
Koalen gm. | mg | mg mg. mg. mg. mg. mg. | mg. per 
me 
201 | 68) 64) nl 2.6) 6.5) 18.3) 1.37) 27.8) | 
202 | 75, 69) 5.20, 2.7/ 8.0) 20.6) 1.54) 28.6) 
203 | 80, 72) 4.82, 2.7) 8.2 21.4/ 1.71| 28. 2| 
204 | 80, 73, 4.87) 2.7| 7.7) 23.3) 1.59) 30.3 
205 | 70| 65) 4.85) 2.7| 8.7, 20.2) 1.79) 29.7| 
Period 2. Wheat ration. 
201 | 73) 80) 7.53 97.9)18.4 | 53.9 7.6 90.3) 34.3) 56.0) 62 
202| 76 86 7.68) 99.8,19.7t) 53.5) | 7.3, 92.5) 31.3) 61.2) 66 
203 | 80, 88) 8.27/107.5|22.4 | 60.2 | 8.3) 99.2! 38.0) 61.2| 62 
204 | 77) 87| 7.64) 99.3)21.3 | 54.4| | 8.7} 90.6) 32.3) 58.3) 64 
205 | 69) 79) 8.48)110.2,22.2 | 59.2 | 6.9/103.3) 39.7} 63.6) 62 
Period 3. Egg ration. 
201 | 90) 109) 7.93108.6 7.8 | 30.3 0 |108.6| 7. 
202 95) 111) 7.95)108.9) 9.6 | 29.2 0 |108.9| 2. 
203 | 94 112) 7.91/108.4) 9.9 | 31.4 | 0 |108.4) 6. 
204} 92) 109) 7.89|108.1) 9.5 | 31.4 10 |108.1) 7. 
205 | 90) 107} 8.00109. 6) 9.5 | 31.8 | 0 |109.6) 9. 
Period 4. Pork ration. 
201 | 114! 123| 7.98|109.2.11.2 | 60.0) 0 |109.2) 35.4| 73.8) 68 
202 | 118) 124) 7.98/109.211.5 | 54.9 0 |109.2| 24.9) 84.3) 77 
203 | 113, 124| 7.78/106.4| 9.5 | 55.7] 0 |106.4) 28.8) 77.6) 73 
204 | 111) 120) 7.95|108.8| 9.9 | 56.3) 0 [108.8 32.5) 76.3) 70 
7.99) 64.6| 0 |109.3) 41.7] 67.6) 62 


205 | 113) 121] 
| 121) 


.99|109. 311.9 | 








* Exclusive of the nitrogen contained in the yeast extract given as a 


source of vitamin B. This amounted to 2.3 mg. per rat per day. 


+ This sample of feces was lost during analysis. 
based upon the average digestibility of wheat nitrogen for the other four 


rats. 


The figure given is 
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TABLE I1—Continued. 
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Period 5. Protein-free ration. 
| gm. } gm. gm. | mg. | mg. | mg. mg. | mg. | mg. | mg. mg. | mg. | pool 
| | | | | | | | 
201 | 117) 107) 5.30) 2.9 | 8.8 | 20.6) 1.66) 18.4) 
202 | 116| 106| 5.14 2.8 | 9.6 | 26.0) 1.87| 23.5 | 
203 | 114) 104) 5.95) 3.3 |10.1 | 22.5) 1.71) 20.7] 
204 | 118} 110) 5.74) 3.2 10.6 | 19.8) 1.85) 17.3 
205 | 116; 108) 5.80, 3.2 {11.0 | 18.2) 1.89) 16.2 





Both groups of rats gave closely agreeing biological values, averag- 
ing 93. Considering the level of protein intake, this is the highest 
value that we have thus far obtained for any food, surpassing even 
that of milk. The superiority of pork protein (nitrogen) over that 
of wheat protein, while not great, seems established. For eight 
of the nine rats, the pork value was higher than the wheat value, 
while for one rat identical values were obtained. The average 
values for all rats were 74 for pork, and 65 for wheat. In an 
earlier experiment, the detailed results of which need not be con- 
sidered, average values of 74 for pork and 70 for wheat were 
obtained with a group of five rats, the rations being very similar 
to those described in Table I. 

In considering the protein value of any variety of meat, it should 
be remembered that a considerable fraction of the nitrogen of 
meat, about 13 per cent (4), is in the form of water-soluble extrac- 
tives, much of which is probably of little biological value; also, 
that hemoglobin and the proteins of connective tissue, present 
in variable amounts in all meat, are of inferior biological value. 
In all probability the proteins of the muscle tissue itself are of 
superior value in nutrition, and, considering the high content of 
meat in easily digestible protein, the only moderately high biologi- 
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TABLE IT. 
Metabolism Data and Computations for Group of Four Rats. 
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Period 1. Protein-free ration. 
| per 
gm. | gm.| gm. mg. mg. mg. mg. mg. | mg. mg. m}. mg- | cent 
Cc 


206! 81) 71) 4.18} 2.3) 6.7) 22.5) 1.60, 29.7 
207 | 80| 71) 4.78] 2.6) 10.4| 23.8) 2.17] 30.2 | 
208 | 72| 67) 4.14 2.3) 5.7) 20.8) 1.38) 29.9 
209| 78| 72) 5.16) 2.9) 7.9| 21.7| 1.52 28.9 


Period 2. Egg ration. 
i een Trorreemnaad 











206 | 80) 102) 7.75/106.1| 7.4) 32.5) | 0 |106.1' 8.1) 98.0 92 
207 | 81) 101; 7.99109.4 8.9 32.3 |0 (109.4 8.2101.2 92 
208| 75, 93) 7.57,103.6, 9.4 31.9 0 |103.6 9.9) 93.7) 90 
209} 84) 106) 7.97:109.1 8.3, 32.8 0 109.1) 7.4101.7, 93 








Period 3. Pork ration. 





| 0 (109.4) 26.9) 82.5) 75 
0 |109.4) 25.6) 83.8 77 
0 /|109.4! 29.5) 79.9) 73 
0 109.4) 13.0, 96.4 88 


w 


206 | 108) 117) 8.00109.4| 8.; 
207 | 108} 117) 8.00109.4' 6. 
208 | 100} 111) 8.00109.4 9.; 
209 | 110) 127} 8.00,109.4) 5. 
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Period 4. Wheat ration. 











} 206 | 122] 134! 8.98'117.2! 19.8) 62.8 5.2112.0 35.9) 76.1, 68 
207 | 125] 136! 9.00/117.3) 18.0 62.2 | 3.2'114.1| 37.4) 76.7) 67 
208 | 117 129) 8.99)117.3 22.1; 62.2 6.7|110.6 39.3 71.3 64 
209 | 130) 141| 8.97:117.2, 18.5 61.8 | 4.0'113.2) 31.7) 81.5} 72 





” Period 5. Protein-free ration. 

206 | 129! 118, 5.00' 2.7) 8.1 22.4) 1.63 18.2 

207 | 130) 123 5.98, 3.3, 8.7, 19.2 1.45, 15.2 

208 | 124| 116, 6.01, 3.3, 11.0) 17.7| 1.83, 14.9 

209 | 134) 125| 5.85 3.2) 9.7) 25.8) 1.65 20.0) | | 
Bow 








* Exclusive of the nitrogen contained in the yeast extract given as a 
source of vitamin B. This amounted to 2.3 mg. per rat per day. 
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cal values here obtained for its total nitrogen do not constitute an 
argument against placing meat, along with eggs and milk, as an 
excellent source of protein in practical dietetics. The following 
computations of the “net protein” values (5) of these foods illus- 
trate this fact very well. 

While the relation between the biological values for the protein 
of the three foods investigated was the same for both groups of 
rats, the values for pork and for wheat obtained for the group of 
four rats averaged from 5 to 7 points higher than those for the 
group of five rats. However, this discrepancy does not seem to 
be related to the order in which the foods were fed. In particular, 
the values obtained in periods immediately following the feeding 
of low nitrogen diets, were not higher than corresponding values 
obtained in periods not so situated. 











TABLE IV. 
The Net Protein Values of Pork, Eggs, and Wheat at an 8 Per Cent Level of 
Intake. 
| | 
Percentage losses. | 
| Total 
Food. | __|Net protein 
| olcasn.| te | an In | In meta- content. 
digestion. bolism. 
GEESE TES Ea neeer nee 13.4 | 7 12.5 
SS re | 19.8 | 26 14.6 
RENCE DAS ies rere er age |} 12.5 | 30 7.6 





Individual differences in the utilization of dietary nitrogen in 
metabolism are clearly evident. Thus, Rats 202 and 209 gave 
consistently high values for all foods, while Rats 205 and 208 gave 
low values consistently. 


CONCLUSIONS. 


1. The average biological values found for the proteins (N X 
6.25) of eggs, pork, and wheat at an 8 per cent level of intake were, 
respectively, 93, 74, and 67, the latter two figures including earlier 
comparable determinations not reported in detail in this paper. 
The differences indicated by these averages are of high significance, 
since they were obtained for each.of the nine rats used in the experi- 
ment, with one exception noted in the text. 
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2. Though the biological value of its total nitrogen is thus not 
much greater than that of the nitrogen of whole wheat, lean pork 
must still be ranked among the best protein foods, because of its 
high “net protein” value. Based on average determinations of 
the crude protein content of these foods, and the percentage losses 
in digestion and metabolism indicated by the results of the experi- 
ments here reported, the content of net protein of egg is 12.5 per 
cent, of lean pork, 14.6 per cent, and of whole wheat, 7.6 per cent. 

3. The order in which different foods are tested for their protein 
value in nutrition has no appreciable effect on the results obtained. 
In particular the testing of a food after a period of nitrogen deple- 
tion of the experimental animal, does not tend to increase the 
biological value of its protein. 

4. Considerable and consistent individual differences may be 
demonstrated among individual rats in the utilization of dietary 
nitrogen in metabolism. 
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CHANGES IN THE SERUM PROTEIN STRUCTURE OF 
RACHITIC RATS WHILE FED WITH COD LIVER OIL, 


By STEPHEN A. P. EDERER. 


(From the Depariment of Chemical Hygiene, School of Hygiene and Public 
Health, the Johns Hopkins University, Baltimore.) 


(Received for publication, April 17, 1924.) 


A considerable degree of knowledge is accumulated about the 
albumin-globulin ratio in the serum. It is now known that this 
ratio is influenced by several factors and changes under certain 
pathological conditions. It is, moreover, recognized that a defi- 
nite relationship exists between tissue destruction and amount of 
globulin in the serum, and that the latter is increased when an 
abnormal breaking down of tissue occurs. Such conditions as 
malignant tumors (1), chronic inflammatory diseases (2), starva- 
tion (3), radiation with chemically active light (1), chronic infec- 
tions (4, 5), viz. lues and progressive tuberculosis, cause a definite 
increase in the serum globulin. Only a few conditions are, how- 
ever, known which result in a decrease of the serum globulin—as 
pernicious anemia (6) and ascent into high altitudes (6). 

According to R. Mond (7), ultra-violet light causes in protein 
solutions in vitro an increased viscosity and a shifting of the 
stability; namely, the coagulation temperature and coagulation 
zone of the globulins are increased whereas the albumin exerts a 
change in the opposite direction. Several authors have observed 
the transformation of albumin into globulin under the influence 
of such simple stimuli as heat (8), dialysis (9), and long standing 
(10). 

The investigations reported in this paper were carried out to 
ascertain what, if any, alterations occurred in the structure and 
relationship of the proteins of the serum of rachitic animals during 
the healing of rickets under the influence of cod liver oil. These 
determinations have been made with young rats 60 to 80 days old, 
weighing 80 to 150 gm. The animals were made rachitic by 
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restricting them to the “line test” diet, No. 3143. This diet has 
the following composition. 


Ration 3143. - gm. 

aa a a oe ee 2 ee 33.0 
sol. Nicigldes cane Sia a We mini ahecacaicee owe elem Ra oat ea ee 33.0 
a vue Adee eicteh dunttee seeks faduiésedteneaees 15.0 
RAE IESE Santer PRP Ee RY Se ET eNe Ten mE ee 15.0 
EE ue via ae aes ba ered babe eens ce Ohne sad meandecakeaos 1.0 
IN Got ks and Lecce hw etwendhe banded heucakeneceusbhesn 3.0 


The effect of cod liver oil and the extent of healing were studied 
histologically. The relation of albumin to globulin in the serum 
was determined from data obtained by the determination of serum 
viscosity and refraction by interpolation with the aid of Nigeli’s 
chart. This chart is based upon the definite relation, established 
by Hayder and Rohrer, among the three factors: viscosity, protein 
percentage, and albumin-globulin ratio. They established the 
viscosimetric curves of albumin and globulin solutions of different 
concentrations. Viscosity was measured with the viscosimeter 
of Hess and the concentration with Pul rich’s refractometer. 
The albumin and globulin curves determine a field in which the 
refractivity is plotted against the viscosity and which includes 
all. possible rates of any mixture of albumin and globulin. By 
means of this chart it is possible to interpret an unknown mixture 
of albumin and globulin when the viscosity and the refraction 
of the serum have been determined. A discussion of this chart 
is found in Niageli’s book (11) and in a paper of Bircher on 
viscosity (4). 

Viscosity is expressed in relation to the viscosity of distilled 
water at 20°C. In this series a viscosimeter of Hess was used. 

Refractivity is expressed in the units of Pulfrich’s immersion 
refractometer. 

The accuracy of the method used is fully discussed in the text- 
book of Nigeli and the literature which has accumulated on the 
method (12-15). 

There are two theories as to the interpretation of the results of 
determinations of the viscosity and refractivity of the blood serum. 
Rohrer, Nigeli, and Bircher believe that the viscosity of serum is 
dependent on the relation of albumin and globulin and on the pro- 
tein concentration. Neuschloss and Ellinger explain the changes 
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in the “specific viscosity” or “‘viscosity factor’? by changes in the 
hydration of the proteins. This they believe results from the pres- 
ence in them of some pathological substances in the serum which 
alters both the viscosity and the speed of ultrafiltration. 

It is not the purpose of this investigation to discuss this problem, 
which is to be solved only on a basis of special colloid chemical 
data which are not available now. The changes which were found 
in the properties of the serum examined we expressed in this paper 
in terms of the percentage content of albumin. An increase in 
albumin is a sign of an increase in the stability of the serum pro- 
teins and their compounds, since the globulins have a more hydro- 
phil character than albumins and are therefore more unstable, 




















TABLE I. 
Average Figures of Viscosity, Refractivity, and Albumin Percentage of 
Serum. 
Specimen. Viscosity. —— Albumin. 
| | Pa | aro 
Se ee Re ree eee Tee | 1.761 | 64.50 80.70 
Young rats of 70 to 90 gm................... 1.505 | 54.70 81.07 
Rachitic rats (80 to 150 gm.) showing ad- 
vanced healing (+++)...............000- | 1.731 | 60.19 72.09 
Rachitic rats of the same weight with begin- | 
ning healing ( + or ++)...............5- 1.640 59.96 83.52 
Rachitic rats of the same weight............ | 1.625 59.80 86.40 





since stability is an,expression of the affinities of the colloid parti- 
cles for the solvent. 

Globulin sensitizes the positively charged Congo red particle 
and the negative night blue equally to precipitation by alkalies, 
and since calcification of the bone is a process of precipitation of 
lime salts in them, this possibility of the sensitization of the blood 
calcium to precipitation must be taken into consideration in dis- 
cussing the mechanism of this process. 

Tables I to V show the results of the determinations which 
were made in carrying out these studies. From the data pre- 
sented the following conclusions can be drawn. 

1. The viscosity of the serum of rats rises with age. The viscos- 
ity of the serum of rachitic rats is not essentially altered from the 
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TABLE II. 


Normal Young Rats of 70 to 90 Gm, 











Scrum. 
Viscosity. Refractivity. Albumin. 

Pulfrich units per cent 
1.490 51.54 82.60 
1.530 52.90 78.50 
1.476 51.50 85.00 
1.556 54.70 81.15 
1.460 49.90 81.30 
1.580 55.50 78.50 
1.520 50.80 70.10 
1.488 50.20 76.8 
1.505 52.116 81.07 
1.450 51.50 87.27 
1.490 50.15 81.00 
1.524 53.60 82.83 








Rachitic Rats (80 to 150 gm.) Treated with Cod Liver Oil, Showing Beginning 


TABLE III. 











Healing. 
Serum. 
Viscosity. Refractivity. Albumin. 
Pulfrich units per cent 
1.699 58.90 74.17 
1.575 57.10 86.80 
1.631 58.50 81.24 
1.645 59.00 81.07 
1.654 58.90 78.75 
1.601 60. 46 91.50 
1.651 59.675 81.80 
1.681 65.00 80.60 
1.709 61.62 79.00 
1.660 63.42 92.30 
1.612 59.62 86.30 
1.641 59.97 84.76 
1.644 58.75 79.50 
1.660 60.81 83.90 
1.587 60.53 95.00 
1.615 58.67 84.29 
1.657 56.87 69.50 
1.655 62.24 89.25 
1.615 59.02 88.20 
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TABLE IV. A 
Rachitic Rats Fed on Mixture No. 3143. = 
Serum. A ths A 2 — 
A 
Viscosity. | Refractivity. Albumin. * 
Pul frich units per cent ? t igaa®® 
1.691 63.25 88.93 
1.604 61.20 94.40 
1.670 61.15 84.00 
1.616 59.30 86.07 
1.607 55.77 75.50 
1.660 59.175 78.50 
1.604 59.05 87.70 
1.608 60. 20 90. 60 
1.608 59.575 85.50 
1.509 56.83 95.10 
1.607 60.52 82.50 
1.679 60.44 80.00 
1.632 61.02 89.40 
1.620 58.35 82.60 
1.634 60.04 85.60 
1.588 60.95 96.05 
TABLE V. 
Rachitic Rats (80 to 150 gm.) Treated with Cod Liver Oil, Showing Advanced 
Healing. 
Serum. 
Viscosity. Refractivity. | Albumin. 

Pulfrich units per cent 


1.735 63.95 83.34 
1.763 60.58 66.81 
1.714 58.975 68.19 
1.863 63.550 64.10 
1.687 59. 225 73.86 
1.610 55.75 73.64 
1.671 59.77 70.38 
1 
1 
1 
1 
1 


z 
s 


.774 60. 
.701 62.625 83.93 
. 664 57.10 69.45 
.709 58.35 66.30 
.814 62.87 66.60 
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normal. The viscosity of the serum of rats healed by cod liver 
oil is increased. 

2. There is no significant alteration in the refractive value of 
the serum of rachitic rats, although they show an average slight 
diminution below the normal level. The refractivity increases in 
rats with the age of the animal. 

3. In spite of the low serum viscosity of the young animals the 
albumin content is the same as in the serum of adult animals. 
The figures for the individual vary over a range of 70 to 87 per 
cent, giving an average of 81 per cent albumin. 

Rachitic rats have a somewhat increased albumin content of 
86.4 per cent (ranging in different rats between 75.5 and 96.05 
per cent), but only in their average figure and in the broader 
variation scale. 

There is a distinct decrease in the albumin content of the serum of 
rachitic rats which are undergoing treatment with cod liver oil. 
In the serum of rats showing advanced healing on histological exami- 
nation (a line test of +++) the albumin percentage is below 75 
per cent in general. The individual values range mostly between 
64 and 74 per cent. 
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THE FERMENTATION OF PENTOSES BY BACILLUS 
GRANULOBACTER PECTINOVORUM.* 


By W. H. PETERSON, E. B. FRED, anv E. G. SCHMIDT. 


(From the Departments of Agricultural Chemistry and Agricultural Bacteri- 
ology, University of Wisconsin, Madison.) 


(Received for publication, May 7, 1924.) 


In his papers on the fermentation of various sugars, polysac- 
charides and sugar alcohols, Speakman and his associates (1) 
have observed numerous differences in the rate of fermentation 
and in the ratios of the several acids formed. On the basis of 
these relations he has classified the carbohydrates into two 
groups, those which ferment normally and those which do not. 
The normal fermentation is illustrated by glucose and starch 
in which the acidity reaches a maximum and then falls rapidly 
to a low level from which it rises slowly toward the end of the 
fermentation. The abnormal fermentations show little or no 
break in the acidity. In maize fermentation this break in acidity 
is associated with a rapid production of neutral bodies, acetone, 
and butyl alcohol. 

In the paper already referred to, Speakman placed xylose and 
arabinose in the group of carbohydrates producing abnormal 
fermentations. High acidities with little or no break in the curve 
were found with both pentoses. Unfortunately, no quantitative 
data on solvent production are given in his papers so it is im- 
possible to determine to what extent the high acidities inter- 
fered with this phase of the process. 


* This work was supported in part by a grant from the special research 
fund of the University of Wisconsin. 

Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 
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EXPERIMENTAL. 


Yeast Water Media.—Starch-free yeast was stirred with ten 
times its weight of tap water until a smooth suspension was ob- 
tained and steamed for 1 to 2 hours, during which time the flask 
was shaken several times. The flask was then plugged with 
cotton and sterilized for 2 hours. If the yeast is free from starch 
the suspension clears rapidly and after 24 hours a clear, light brown 
liquid can be siphoned off. From 20 to 40 liters were prepared 
at one time and used as needed. The sugar to be fermented was 
added to the clear yeast water, the solution was sterilized and 


then inoculated. 
TABLE I. 

Production of the Solvents, Acetone and Butyl Alcohol, from Xylose and 
Glucose. 


Yeast water medium containing 2 per cent of sugar. 








N ’ Sugar | Solvents per liter | Sugar recovered 
nae fermented. of culture. in solvents. 
| gm | per cent 
1 Control. Trace 
2 - 0.60 | 
3 Xylose. 4.88 21.4 
4 - 5.00 } 22.0 
| | 
5 | Glucose. 5.60 25.0 
6 ” | 5.10 | 27.5 
7 7 5.30 28.5 





Peptone-Salt Media—The composition of this media was that 
used by Robinson (1). The sugars were added to the peptone- 
salt mixture in the quantity desired and the whole was sterilized. 
Strips of filter paper as recommended by Robinson were placed 
in the flasks in most of the experiments. 

Methods of Analysis.—Solvents were determined by neutralizing 
and distilling the fermented culture and calculating the per- 
centage of solvents from the specific gravity of the distillate. 
Acetone in the distillate was determined by Goodwin’s modifica- 
tion (2) of Messinger’s method. 

Carbon dioxide was determined by absorption in potassium 
hydroxide and analyzed by Van Slyke’s (3) gasometric method. 
Volatile and non-volatile acids were determined by distillation 
and ether extraction, respectively (4). 
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Experiment 1.—This was a preliminary experiment in which the ferment- 
ability of xylose and glucose under our methods of manipulation was 
tested. A series of 500 cc. Erlenmeyer flasks, each containing 300 cc. of 
yeast water and 6 gm. of the sugar, was set up and inoculated with 10 cc. 
of a vigorous culture which had been grown for 24 hours in 6 per cent corn 
mash. Evolution of gas began in 12 hours and continued for about 48 
hours. The flasks were allowed to stand 96 hours and then analyzed. 

The acidity of the xylose culture was rather high at the end of the 
fermentation; 4.0 cc. of 0.1N acid per 10 cc. of culture. The yield of sol- 
vents is given in Table I and shows a good production of solvents from 


TABLE Il, 
Comparison of the Rate of Fermentation of Glucose and Xylose. 


Robinson’s peptone-salt media. 


























i Glucose. Xylose. 
‘Time after 
inoculation. Titratable acid.* | Sugar in culture. | Titratable acid.* | Sugar in culture. 
hrs. per cent per cent 
0 1.2 2.0 1.0 2.0 
16 3.4 1.2 3.3 1.4 
23 4.1 1.0 4.2 1.2 
29 4.2 0.1 4.6 0.7 
42 3.6 0.0 5.2 0.4 
52 2.9 0.0 5.0 
66 3.2 0.0 5.0 0.2 
Solvents in 1,000 cc. culture, 
aon 6.30 4.74 
Acetone in 1,000 cc. culture, 
a 1.58 1.29 
Acetone in solvents, per 
ON a cig ih Sa eras ne ak 25.00 27.20 








* Cc. of 0.1 N acid in 10 ce. of culture. 


xylose, although not equal to that obtained from glucose. The yields com- 
pare favorably with those obtained from corn mash, which is probably one 
of the best media for the growth of this microorganism. 

Experiment 2.—The comparative rate of fermentation of glucose and 
xylose was tested in this experiment. The results are given in Table II 
and show that glucose fermented with greater rapidity than xylose. The 
glucose fermentation was a particularily rapid one, while the xylose fer- 
mentation proceeded at about the usual rate. All the glucose and 90 per 
cent of the xylose were fermented at the end of 66 hours. The most rapid 
fermentation of xylose reported by Robinson was 52 per cent in 72 hours. 
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Only a slight break in the acidity occurred in the case of xylose 
while the glucose acidity showed a decided break. A definite 
break in the acidity in xylose fermentations is not uncommon, 
however. In the course of a dozen fermentations we have ob- 
served a decrease in titratable acid ranging from 0.5 to 1.3 ce. 
of 0.1 N acid per 10 ce. of culture. In consequence of the higher 
residual acidity a smaller yield of solvents was obtained from 
xylose than from glucose. The acetone-butyl alcohol ratio was 
about the same in both cases. The destruction of sugar and 
production of solvents do not agree with the statement by Speak- 
man that abnormal fermentations (xylose, mannitol, etc.) are 
characterized by a low consumption of carbohydrates and a poor 
yield of solvents. 


Balance between the Sugar Fermented and the Products Formed. 


Experiment 3.—In this experiment the total products with the exception 
of hydrogen were determined and added together to balance against the 
sugar destroyed. Residual volatile acid was determined by steam dis- 
tillation which was followed by ether extraction of the residue for the de- 
termination of non-volatile acid. 


Some assumptions were made in calculating the figures in 
Table III. The difference between total solvents and acetone is 
called butyl alcohol, although from 10 to 20 per cent of this 
weight consists of ethyl alcohol and other minor products. 

In calculating the volatile acid an average molecular weight 
of 70 has been taken. Calculations from Speakman’s Duclaux 
analyses give an average molecular weight of the volatile acids 
varying from 65 for glucose to 80 for mannitol with intermediate 
values for xylose and arabinose. 

The non-volatile acid is calculated as lactic acid, although no 
conclusive evidence has as yet been adduced for the existence 
of lactic acid in a granulobacter fermentation. 

In all cases a slightly larger weight of products was obtained 
than sugar destroyed. The excess originates, probably, from 
yeast water. This contains about 1 gm. of carbohydrate and 
about 4 gm. of crude protein per liter. 

The volatile acid in a fermented culture is usually less for 
glucose than for either of the pentoses. Titration curves show 
that the break in acidity is generally less marked for these com- 
pounds than for glucose. 
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° TABLE III. 
Total Fermentation Products Obtained from Pentoses and Glucose. 


Yeast water media. Calculated for 1,000 cc. of culture. 








st Solvents. | 4 P 
comma’ | BEG] oy | as | Ste] | ge 
gm. gm. gm. gm. gm. gm. gm. 
Yeast water. It} 0.26 | 0.13 | 0.02 | 0.14 | 0.38) 0.93 
a a | 1.2t) 0.28 | 0.14 | 0.02 | 0.23 | 0.53] 1.20 
Xylose. 19.1 | 4.61 | 2.19 | 2.37 | 0.77 | 11.25 | 21.19 
° | 3.27 | 1.93 | 2.03 
a | 17.6) 4.60 | 0.93 | 3.85 
Arabinose. 19.4 | 3.43 | 2.77 | 3.56 | 0.47 | 11.30 | 21.53 
« | 19.2| 3.61 | 2.59 | 3.65 | 0.67 | 11.63 | 22.15 
Glucose. 19.1 | 4.64 | 1.76 | 2.12 | 1.17 | 11.71 | 21.40 
a 19.0 | 4.21 | 2.19 | 1.86 | 0.74 | 10.83 | 19.83 








* Total solvents minus acetone. 
+ Average molecular weight of 70 used in calculations. 
t Unfermented sugar. 


SUMMARY. 


The fermentation of xylose and arabinose by Bacillus granu- 
lobacter pectinovorum results in the same products and in essen- 
tially the same quantities as from glucose. Slightly less solvents 
and slightly more volatile acids are produced from the pentoses. 

The rate of fermentation is somewhat slower for the pentoses 
than for glucose; but practically all the sugar is destroyed in 72 
hours. 
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HYDROGEN ION CONCENTRATION IN THE HUMAN 
DUODENUM. 


By H. V. HUME, W. DENIS, D. N. SILVERMAN, anp E. L. IRWIN. 


(From the Laboratory of Physiological Chemistry and the Department of 
Medicine of the School of Medicine, Tulane University, New Orleans.) 


(Received for publication, May 26, 1924.) 


We have recently had the unique opportunity of measuring 
in vivo, so the speak, the reaction of the duodenum of a man in 
whom a duodenal fistula had been established. 

The measurements were made electrometrically by means of 
a Leeds and Northrup potentiometer No. 7665 reading to 0.001 
volts, an Eppley standard cell, a D’Arsonval portable galva- 
nometer, a calomel cell of standard type, and a special hydrogen 
electrode which was designed to fit the peculiar experimental 
conditions existing in this case. The structural details of this 
instrument are shown in Fig. 1. 

The electrode differs from the ordinary Hildebrand type in 
two respects, a screen of fine mesh silver wire was placed around 
the platinum tip to prevent contamination by contact with large 
particles of foodstuffs or other materials, and a glass tube of 
2 mm. bore was attached as illustrated to furnish connection with 
the calomel cell through an intermediate vessel. The length 
of the electrode was 15 cm. and its greatest diameter was 1 cm. 
A piece of No. 22 platinum wire was used in making the tip, 
and was hammered into a thin strip 1.5 mm. wide and 8 mm. 
long. This electrode could be inserted through the fistula and 
allowed to lie in the lumen of the intestine. The average depth 
to which the electrode was inserted in the intestine in our experi- 
ments was 6 cm. and on one occasion a depth of 9 cm. was at- 
tained. Hydrogen was generated in a Kipp apparatus and was 
supplied to the electrode under a hydrostatic pressure of about 
15 cm. Normal KCl solution was used in the calomel cell and 
connecting vessel and the apparatus was thoroughly tested in 
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the laboratory by determining the pH values of a series of buffers 
which had been previously standardized electrometerically. As 
a check on the apparatus, tests on samples of these same 
standard buffers were made at the patient’s bedside just before 
insertion of the electrode in the intestine and immediately after 
its removal. In each of the four experiments in which this 
check was applied it was found that the maximum deviation 
from the known pH of the buffer was —0.12 pH and the average 
deviation + 0.05 pH. 

As the fluid under examination was believed to be flowing past 
the electrode more or less continuously (an assistant being kept 
busy sponging up the overflow from the fistula throughout each 
experiment), we have assumed it reasonable to suppose that the 
original CO, content of the material was not changed appreciably 
by the use of a bubbling type of hydrogen electrode. 

Our subject, a colored laborer, 23 years of age, waS an inmate 
of the New Orleans Charity Hospital, to which institution he 
had been admitted on December 21, 1923, suffering from an 
injury caused by a pistol bullet which had entered the right side 
immediately below the costal border. On operation, which was 
performed by Dr. E. L. Irwin a few hours after admission, repair 
was made of three perforations of the colon, and, as it was found 
that the projectile had traversed the liver and had made exit 
immediately posterior to the gall bladder, perforating this organ 
at its attachment to the liver, it was deemed advisable to per- 
form a cholecystostomy. 

After the above operation the patient made satisfactory 
progress until January 6, 1924, when during a fit of coughing the 
suture line gave way, and the intestines were found out of the 
abdominal cavity. In an emergency operation the abdominal 
wound was again closed. Progress now continued satisfactory 
until February 22, 1924, when it was noted that a fistulous open- 
ing had appeared in the upper third of the abdominal wound. 
On exploration of the fistulous tract it was found that just within 
the abdominal wall there existed a fistulous pocket which ex- 
tended over the entire upper right quadrant, and which was 
sealed off from the general abdominal cavity by adhesions. 

Further exploration gave definite evidence of the duodenal 
origin of the fistula. 
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Experiment 1. 


Record of results obtained in an investigation of the pH of intestinal 
contents by direct electrometric determination in a duodenal fistula. 


April 3, 1924. 














Time. | a in| pH Remarks. 
a.m. | | 
| 0.735 | 7.66 | These figures obtained in checking electrode 
| at patient’s bedside with a standard buf- 
| fer of pH 7.74. 
9.50 | 0.678 | 6.69 | 
0.679 6.71 
0.679 6.71 | 
| 0.678 6.69 | 
| 0.690 6.89 | Rapid flow of juice. 
9.55 | 0.688 | 6.86 | 
9.689 | 6.88 | 
10.00 | 0.675 | 6.66 
| 0.674 | 6.64 | 
| 0.676 | 6.67 | Flow continues. 
| 0.674 | 6.64 | 
10.05 | 0.675 | 6.66 | 200 cc. milk given. 
| 0.674 | 6.64 | 
10.06 | 0.675 6.66 | 
10.07 | 0.678 | 6.69 | 
10.09 | 0.672 | 6.59 | 
10.093 0.673 | 6.62 
10.11 | 0.680 | 6.73 
10.13 | 0.685 | 6.81 
10.14 | 0.687 | 6.84 
10.15 | 0.688 | 6.86 
10.16 | 0.690 | 6.89 
10.174 | 0.691 | 6.92 | 
10.20 | 0.693 | 6.95 
10.21 | 0.694 | 6.97 | Flow small. 
10.23 | 0.693 | 6.95 | Adjustment of working current checked 
| against standard cell. 
10. 24 | 0.693 6.95 | 
10.25 | &. 693 6.95 
10.26 | 0.694 6.97 
10. 28 0.693 6.95 
10.30 0.694 6.97 | Very small flow. 
10.31 | 0.694 6.97 | 
10.323 | 0.696 7.01 
10.35 | 0.698 7.03 
10.37 | 0.699 7.05 | 200 ce. milk given. 
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Time. mniins in pH Remarks. 
a.m. 

10.39 0.700 7.06 

10.40 0.703 7.12 

10.41 0.705, 7.14 

10.42 0.706 7.15 

10.45 0.715 7.33 

10. 46 0.713 7.28 | First curd appears. 
10.47 0.713 7.28 

10.48 0.706 7.15 

10.49 0.703 7.12 

10.50 0, 697 6.99 

10.51 0.697 6.99 

10.514 0.695 6.98 

10.52 0.692 6.94 

10.54 0.693 6.95 

10.544 | 0.692 6.94 

10.55 0.689 6.88 

10.57 0.689 6.88 

10.59 0.694 6.97 

10.593 | 0.688 6.86 

11.01 0.692 6.94 

11.02 0.695 6.98 

11.03 0.698 7.03 

11.04 0.701 7.08 

11.09 0.737 7.69 | This reading obtained on standard buffer 








| 





solution immediately after removal of 
electrode from the intestine. True pH 
7.74, 





The patient had had no food for 15 hours previous to the carrying out 
of this experiment. 


After the third operation the patient continued to make satis- 
factory progress, the duodenal fistula still persisted however, 
and continued to discharge bile and intestinal contents. Ex- 
coriation of the skin in the region of the wound was prevented 
by the liberal use of gauze dressings which were changed at 
frequent intervals by the patient himself who gained rapidly 
in weight and strength, and who apparently, as judged by the 
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Experiment 2. 


April 6, 1924. 











Time. meting in pH Remarks. 
a.m. 

0.686 6.83 | Check on electrode at patient’s bedside 
with standard buffer of pH 6.80. Pa- 
tient has had no food for 16 hrs. 

9.46 0.686 6.83 
9.50 0.693 6.95 
9.523 0.699 7.05 | Practically no flow of secretion while the 
9.55 0.703 7.12 above were being taken. 
9.57 Adjustment of working current chécked 
against standard cell. 
9.58 0.705 7.14 
10.00 0.708 7.20 
10.02 0.711 7.26 
10.033 | 0.713 7.28 
10.06 Adjustment of working current checked 
against standard cell. 
10.07 0.726 7.50 
10.083 | 0.727 7.52 
10.093 0.731 7.59 
10.10 Adjustment of working current checked 
. against standard cell. 
10.11 0.733 7.62 
10.12 0.732 7.60 
10.133 | 0.735 7.65 
10.16 0.704 7.13 | Sudden secretion of juice. 
10.19 0.700 7.06 
10.23 0.711 7.26 | Sudden large flow of juice. 
10.25 0.705 7.14 
10.27 200 cc. 30 per cent cream given. 
10.28 0.729 7.55 
10.31 0.728 7.53 
10.33 0.743 7.79 
10.35 0.750 7.91 | Sudden flow of juice. 
10.37 0.675 6.66 
10.39 0.678 6.69 
10.41 0.683 6.78 
10.43 0.685 6.81 
10.48 0.691 6.92 | Adjustment of working current checked 
against standard cell. 
10.50 0.712 7.27 
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| Reading in 





Time volts. pH Remarks. 

a.m. 

10.53 0.716 7.34 | Secretion becomes very plentiful. 

10.55 0.704 7.13 

10.57 0.681 6.75 | 200 ce. 30 per cent cream given. 

10.58 0.698 7.05 | Curds appear in secretion. 

11.01 0.715 7.32 | Secretion continues plentiful. 

11.03 0.703 7.12 

11.09 0.726 7.50 

11.12 Adjustment of working current checked 


: against standard cell. 
11.16 0.699 7.05 
3 


11.20 0.715 7.33 
11.22 0.687 6.84 
11.26 0.697 6.99 
11.30 0.695 6.98 


11.37 0.678 6.69 
11.44 0.692 6.94 
11.49 0.689 6.88 | Adjustment of working current checked 
against standard cell. 

11.51 0.679 6.71 
11.54 0.678 6.69 | Final check on standard buffer pH 6.81 
immediately after removal of the tube 
from the patient. 














amount and quality of the food consumed, was possessed of 
unusually good digestive powers.’ 

When we began work on this case the fistula was so large that 
the electrode could easily be slipped into the intestine, in which 
position it could lie for several hours, apparently without the 
least discomfort to the patient, who, although somewhat appre- 
hensive at the beginning of the first experiment soon became 
satisfied that no pain would be inflicted, and would readily eat 
and drink with evident pleasure and frequently sleep, during 
the course of an experiment. 


1 Quantitative determinations of the -concentration’ of amylase, 
lipase, and protease carried out by the method of McClure, Wetmore, 
and Reynolds (1) on samples of the fistula fluid collected at intervals 
during these experiments invariably gave results indicative of the fact 
that normal amounts of these enzymes were present in the secretion. 
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Experiment 3. 


April 8, 1924. 





























Time. | Reniing in pH | Remarks. 

a.m. 

9.15 0.684 6.80 | Check on electrode at patient’s bedside 
with standard buffer of pH 6.81. 

9.26 0.685 6.81 | Active secretion containing much bile. 

9.27 0.687 6.84 

9.29 0.681 6.75 

9.31 0.682 6.76 | Flow less active. 

9.35 0.699 7.05 

9.39 0.715 7.33 | Adjustment of working current checked 
against standard cell. 

9.43 0.722 7.44 | Very little secretion. 

9.46 0.732 7.60 | Secretion almost stopped. 

9.48 0.731 7.59 | Fed 8 egg whites and 1 yolk, boiled 2 min., 
+ a small amount of NaCl. 

9.49 0.722 7.44 

9.56 0.698 7.03 | Finished feeding. 

9.57 Secretion almost stopped. Adjustment of 
working current checked against standard 
cell. 

10.01 0.690 6.89 

10.04 0.693 6.95 | Practically no secretion. 

10.07 0.694 6.97 

10.11 0.707 7.17 

10.14 0.718 7.37 

10.18 0.731 7.59 | Adjustment of working current checked 
against standard cell. 

10.20 0.722 7.44 | Secretion becoming active. 

10.25 0.734 7.63 | Albumin appears in fistula. 

10.30 0.735 7.65 | 

10.35 0.715 7.33 | Large flow of secretion. 

10.40 | 0.694 | 6.97 | 

10.42 0.692 6.94 

10.44 0.683 6.78 | Very copious flow. 

10.48 0.631 5.90 | Moderate flow, very light colored, almost 

| no bile, big clot of albumin. 

10.50 0.662 6.42 

10.503 0.668 6.52 | More bile coming through. 

10.53 0.672 6.59 | Flow almost stopped. 
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| et. 
Time. a pH | Remarks. 





10.55 0.694 6.97 | Very marked flow. 
10.59 0.695 6.98 
11.04 0.672 6.59 
11.06 0.669 6.54 | Almost no secretion. 
11.08 0.667 6.51 
11.13 0.664 6.45 | Patient asleep. 











11.18 0.672 | 6.59 | Secretion clear and free from clots. 

11.22 | 0.678 | 6.69 

11.23 | 0.663 | 6.43 | Patient awake. Adjustment of working 
current checked against standard cell. 

11.26 0.662 6.42 | Secretion limited in amount. 

11.30 0.681 6.75 | This reading obtained on standard buffer 


| electrode from patient’s intestine. Fast- 


. 
| | | pH 6.81 immediately after removal of 
| | ing period 16 hrs. 





Little comment is necessary in connection with the results 
obtained during the above series of observations. 

The following tabulation gives the average and extreme varia- 
tions of pH found in each experiment and in the entire series; 
and as will be noted the average pH for each experiment is ap- 
proximately the same, a finding which would seem to indicate 
that the reaction is unaffected by the nature of the food eaten. 


pH 

Experiment 1. PK onciedctnewcecboue eee 6.59 

(Milk.) EE iicestensencdavebaedece 7.33 

PR Siidkscdewescessvenaetece 6.91 

Experiment 2. di abkcin ean waeibaen Se 6.66 

(Cream.) RE ee rere 4 7.91 

PE avniccds-seasnscdecaerve 7.88 

Experiment 3. PE cans ckcennsesencnueeks 5.90 

(Egg whites.) PI 5.n0.56:5s0n0s keeansesack 7.65 

SRL odecsacncssuvesssecess 6.95 

Experiment 4. 0 ER ane Pe Tree 6.19 

(Starch.) RS. ot aces da cekas 8.23 

PE Disrasuincskcnnnevnwse ded 7.07 

Extreme variations of Minimum.................e.eee+- 5.90 

entire set of experi- Maximum..... sis tcheiia apsians ete ai det 8.23 
ments. Average (computed from 182 


a5 skcsueneuseeeens 7.02 
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Experiment 4. | 
April 17, 1924. | 
Time. Rents in pli | Remarks. 1 
| 
a.m. | ——e a 1 
0.736 7.67 | Check on electrode at patient’s bedside , 
| ‘with standard buffer of pH 7.74. 1 
9.45 | 0.676 | 6.67 | Almost no secretion. 1 
9.49 0.682 | 6.7 | No bile present. 1 
9.50 0.679 6.71 | Adjustment of working current checked 1 
| against standard cell. 1 
9.53 0.682 | 6.76 1 
9.56 0.685 | 6.81 | 1 
9.573 0.678 6.69 | 1 
10.00. | 0.675 6.66 | 1 
10.01 0.681 6.75 | Adjustment of working current checked 1 
| against standard cell. L 
10.03 0.684 | 6.79 | No bile, very little secretion. = 
10.05 0.696 | 7.01 Sudden flow of secretion with bile. F 
10.11 0.686 | 6.83 200 ce. water given. 
10.14 0.707 7.17 | Started eating 10 crackers (Arrowroot). ( 
10.17 | 0.720 | 7.40 | on 
10.18 | 10 more crackers. Adjustment of working but 
current checked against standard cell 
10.18} 0.705 7.14 | Flow almost stopped. son 
10.21 0.691 6.92 the 
10.23 10 more crackers, flow starts again, no bile. and 
10.25 | 0.671 | 6.58 | duc 
10.27 0.705 7.14 | Moderate flow, some bile. Rel 
10.29 0.768 8.23 : 
10.31 0.742 7.78 | Sudden outpouring of secretion, 4 more me 
crackers ; acic 
10.33 0.722 7.44 | Crackers appear in secretion. hav 
10.35 Finished crackers, drank 200 cc. water.* exp 
10. 373 0.729 7.56 ord: 
10.38} | 0.753 7.96 
10.39 Sudden flow of fiuid. sper 
10.41 | 0.705 7.14 | Patient asleep. 0 
10.46 0.758 8.05 | Almost no secretion. den 
10.50 0.739 7.74 fror 
10.514 0.723 7.45 | Marked flow of secretion. fror 
10.54 - - 9 ” 
10.54} 0.698 7.03 T 
10.58 | 0.701 | 7.08 | Almost no secretion. Mo 
11.05 0.648 | 6.19 | Sudden large flow. of t 
11.09 0.689 | 6.88 | Patient just awakes, large amount of crack- 
ers in secretion. * 
* Total weight of crackers 153 gm., which were calculated to contain 
110 gm. of arrowroot-starch. 
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~ 
| ~~ 
Time | a ~d pH Remarks. me 
em | is uuh 12 1973 
a.m. | %, F 
11.14 | 0.702 7.10 ‘ 
11.17 0.726 7.50 | Large flow. 
11.18 0.712 7.27 | Adjustment of working current checked 


against standard cell. 
11.19 0.691 6.92 | Large flow continues. 
7 


11.22 0.715 32 | Flow moderate. 

11. 24 0.671 6.58 | Large flow starting 
11.27 0.689 6.88 | No flow. 

11.30 0.697 6.99 | Started to eat apple pie. 


11.33 Finished pie. 


11.33} 0.676 6.67 | No secretion. 

11.36 0.681 6.75 | Almost no secretion. 

11.38 0.686 6.83 

11.473 0.678 6.69 | Very small amount of secretion. 

11.50 0.738 7.71 | This reading on standard buffer of pH 7.74. 














Patient had no food for 15 hours previous to the taking of these figures. 


Our average results are on the whole in accord with the views 
now held regarding the reaction of the duodenal contents in man, 
but in no case do our minimal values reach those recorded by 
some previous investigators. McClendon (2) gives pH 7.7 as 
the hydrogen ion concentration of the adult duodenum. Long 
and Fenger (3) state that as a result of their observation on the 
duodenal secretions removed from normal men by means of a 
Rehfuss tube shortly after the subjects had been fed an ordinary 
meal, they believe the reaction of the duodenum may be either 
acid or alkaline; results as low as pH 2.27 and as high as 7.81 
having been obtained. Myers and McClendon (4) in a series of 
experiments made on a single normal subject who was fed an 
ordinary diet reported values ranging from pH 3.2 to 7.82 in 
specimens removed by tube 3 to 4 hours after meals. 

Okada and Arai (5) who determined the reaction in the duo- 
denal secretions of fourteen hospital patients who were suffering 
from a variety of pathological conditions obtained figures varying 
from pH 4.80 to 7.97. 

The most recent publication on the subject is that of McClure, 
Montague, and Campbell (6) who have determined the reaction 
of the duodenal contents removed from normal men after the 
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ingestion of meals consisting of practically pure fat, carbohydrate, 
or protein, taken in the form of olive oil, arrowroot-starch, or 
edestin, or mixtures of these. As a result of their observations 
these investigators state that the duodenal contents were acid 
after the ingestion of protein and mixtures of food substances, 
and alkaline after the ingestion of fat and carbohydrate foods, 
The actual figures given vary from pH 3.172 to 8.102. 

As far as we know, our experiments described above are the 
only ones on record in which the reaction of the duodenal content 


has been measured directly by the electrometric method, viz, 


without the use of a duodenal tube, and, as the highest acidity 
recorded in this series is only pH 5.90, the hypothesis suggests 
itself that the presence of the tube in the pylorus may cause the 
sphincter to remain open longer than when no foreign body is 
present, thereby allowing larger portions of gastric contents to 
enter the duodenum than are usually passed under ordinary 
conditions, and thus producing greater fluctuations in the reac- 
tion of the duodenum than those noted in our case. 

While it is perhaps outside of the scope of this investigation we 
have noted with interest that the time of appearance of fragments 
of food in the liquid exuding from the fistulous opening bore the 

.same relation to the type of food taken as has been described 
by Cannon (7); viz., the carbohydrate meal passed into the 
intestine at a rate which was distinctly more rapid (19 minutes) 
than that taken by the cream, egg white, or milk which latter 
substance appeared at 31, 37, and 41 minutes, respectively. 
It should be noted that the milk was given during the first experi- 
ment at a time when the patient was distinctly apprehensive, 
so that a psychic inhibition of the pyloric sphincter may be sus- 
pected in this case. 


SUMMARY. 


Electrometric determinations of the hydrogen ion concentration 
of the human duodenum made by insertion of an electrode through 
a fistulous opening gave a maximum value of pH 8.23 and a 
minimum of pH 5.90, while the average calculated from 182 
readings was pH 7.02. No definite difference in reaction was 
noted in observations made after the ingestion of meals consist- 
ing largely of fat, carbohydrate, or protein. 
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SOME NITROGENOUS CONSTITUENTS OF THE JUICE OF 
THE ALFALFA PLANT. 


I. THE AMIDE AND AMINO ACID NITROGEN.* 
By HUBERT BRADFORD VICKERY. 


(From the Laboratory of the Connecticut Agricultural Experiment Station, 
New Haven.) 


(Received for publication, April 25, 1924.) 
INTRODUCTION. 


In the extensive study of the chemical composition of the 
alfalfa plant which has been carried on in this laboratory for 
the past 2 years, much attention has been given to the nature 
of the nitrogenous substances which occur dissolved in the plant 
juice (1,2). Particular attention is devoted in this paper to the 
amide and amino acid nitrogen. In a subsequent paper the 
results of a study of the basic substances will be given. 

The fresh juice was treated with 53 per cent by weight of 
96 per cent alcohol and the protein and inorganic salts were filtered 
off. The filtrate was then concentrated in vacuo and alcohol 
added until a further precipitate began to separate. The fluid 
thus prepared contains about 20 per cent of solids, gives no 
protein reaction, and is referred to as the “alfalfa filtrate.” 
This filtrate contains red-brown pigments which occur free and 
in combinations which are not themselves highly colored, but 
which readily yield an intense color on mild hydrolysis. Pigments, 
or complexes readily yielding them, are encountered in every 
fraction, and greatly increase the difficulties of isolation of single 
chemical individuals. 


*The expenses of this investigation were shared by the Connecticut 
Agricultural Experiment Station and the Carnegie Institution of Wash- 
ington, D. C. 

The writer wishes to express his thanks to Dr. Thomas B. Osborne for 
his interest in the work and also for much helpful advice and criticism. 

1 These precipitates have already been studied in some detail; see 
Osborne, Wakeman, and Leavenworth (1, 2). 
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The essential features of the fractionation are presented in the 
following scheme. 


Scheme of Fractionation. 


Step 1. Precipitation of the “alfalfa filtrate’’ with normal lead acetate. 

Step 2. Precipitation of the filtrate from Step 1 with mercuric acetate, 
sodium carbonate, and alcohol (Neuberg and Kerb’s reagent (3) ). 

Step 3. Precipitation, with phosphotungstic acid, of *the solution 
obtained by decomposing the precipitate of Step 2. 

Step 4. Fractional crystallization of amides and amino acids from the 
filtrate from the phosphotungstic acid precipitate. 

Step 5. Separation of the solution obtained by decomposing the precipi- 
tate of Step 3 into purine, arginine, and lysine fractions, by precipitations 
with silver sulfate and silver sulfate together with baryta, respectively. 

Step 6. Precipitation, with mercuric chloride in acid solution, of 
betaines from the filtrate obtained in Step 2. 


The above scheme has been designed to furnish as much informa- 
tion as possible regarding the groups of nitrogenous constituents 
of the alfalfa filtrate. 

Schulze? and his collaborators have been the most extensive 
workers in this field in the past, but they have devoted their 
efforts chiefly to demonstrating the presence of individual sub- 
stances in a group of plant species; we have tried to learn as 
as much as possible about each of the fractions obtained from a 
single plant. 


GENERAL DISCUSSION 


1 liter of the alfalfa filtrate represents the juice from about 
6,650 gm. of the fresh plant. The analysis is given in Table I. 

Normal lead acetate precipitated 10.7 per cent of the total 
nitrogen, 15.2 per cent of the amino nitrogen, and 14.2 per cent 
of the organic solids of the alfalfa filtrate. In regard to the 
nature of the constituents of this precipitate we are not yet 
prepared to make any definite statement. 

Neuberg’s reagent precipitates amino acids and certain basic 
substances. The latter can be removed by means of phosphotung- 
stic acid. Table II shows the forms of nitrogen in the precipitate 
obtained with Neuberg’s reagent. 


2 See for example, Schulze, E., Z. physiol. Chem., 1898, xxiv, 18. 
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Table III shows the forms of nitrogen in the bas‘e substances 
precipitated by. Neuberg’s reagent. 
Table IV gives the forms of nitrogen in the filtrate from the 


bases. 








TABLE I. 
Amount | Total nitrogen. 
gm. per cent 
Nn yng can ddebatcuseuust 10.06 
SR ene Cee ee eee eee 0. 4066 4.04 
Amide* . . Manch cosa oken taaamtenr ced te 0.8344 8.29 
Amino il PR ne A BORE OA EER ke ee 3.67 36.5 
Other 7 .| 5.15 51.24 
NE sag ns nda ne ca tddigk eae, caer eter ee | 175.0 
ng hee REE IR hn AP ER et aay ite RE | 28.2 | 





* Amide nitrogen was determined by boiling for 4 hours with 4 per cent 
HCl, adding excess magnesia, and distilling the ammonia into standard 
acid. The free ammonia, determined in another aliquot, was subtracted. 
This is essentially Sachsse’s method (Sachsse, R., J. prakt. Chem., 1873, 
vi, 118). 


TABLE II. 


Precipitated by Neuberg’s Reagent. 
I y ¢ g 

Of each form 
From 1,000 cc. | of nitrogen in 
alfalfa filtrate. | 1,000 cc. alfalfa 











filtrate. 

gm. per cent 

CE SI, ek iu new tneekenee ens wr 5.81 57.8 
SE " ° -wcce buries cence nag pane SeaeateN 0.054 13.3 
Amide De  caiigditakepcexiabines eed Ranma | 0.731 | 87.6 
Amino OR ee eT Oe 2.58 70.0 
SN ID Sis i. icone bad wicennxs anc CeeR bess | 44.45 | 25.4 





Solids are 13.01 per cent nitrogen. 


Some nitrogen was unaccounted for in the two fractions. of 
the mercury precipitate obtained by means of phosphotungstic 
acid. A similar loss of nitrogen was encountered by Osborne, 
Wakeman, and Leavenworth when dealing with their phospho- 
tungstic acid precipitates from alfalfa juice.’ 


* Osborne, Wakeman, and Leavenworth (1), p. 421. 
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Amides are regarded as important constituents of plant juices. 
The filtrate from the phosphotungstic acid precipitate contained 
0.561 gm. of amide nitrogen, representing 67 per cent of the possible 
maximum. From this solution 3.193 gm. of asparagine, containing 
0.298 gm. of amide nitrogen, were isolated by fractional crystalliza- 
tion. Thus only somewhat over one-half of the amide nitrogen 
in it was accounted for as crystalline asparagine. Some amide 








TABLE IIIf. 

| | Of each form 

| From 1,000 ce. | of nitrogen in 

| alfalfa filtrate. | 1,000 cc. alfalfa 

| filtrate. 

| gm. per cent 
SE IR ton haa onad suis dey eens anne | 1.951 19.4 
hs ahs ees ol gt aa emme ie Xie 0.043 10.6 
Amide ne RE Se ee ey ye ee | 0.095 11.4 
Amino a ee ae Dee eee ee | 0.502 13.7 
EEE LT OORT ORE OE OP ORT 12.34 7.06 





Solids are 15.8 per cent nitrogen. 











TABLE IV. 
Of each form 
From 1,000 ce. | of nitrogen in 
| alfalfa filtrate. | 1,000 ce. alfalfa 
} filtrate. 
gm. | per cent 
. oa 
IR aioe i staewsasaicrseewescasneains | 2.65 26.4 
ell RRO Peer a eR neC Te eer | 0.008 | 1.9 
Amide Vie de ewnwaceaene tak aden cece | 0.561 67.3 
Es OP Aah ee auc densennévdseneesaben | 1.66 | 45.4 
I 1 on raul ds sian enable nieaioae | 23.28 13.3 








Solids are 11.4 per cent nitrogen. 


other than asparagine is doubtless present, but we have as yet 
failed to isolate it. 

Only 35.7 per cent of the amide nitrogen in 1 liter of alfalfa 
filtrate was actually accounted for as amide nitrogen of a definite 
amide; namely, asparagine. This is 2.96 per cent of -the total 
nitrogen of the alfalfa filtrate. Asparagine, therefore, accounts 
for 5.82 per cent of the nitrogen and 1.82 per cent of the organic 
solids of the alfalfa filtrate. 
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Schulze (4) likewise failed to obtain as asparagine any large proportion 
of the amide nitrogen of the juice of mature fresh plants. 

Butkewitsch (5) obtained from Vicia faba little more than 30 per cent 
of the asparagine as calculated from the amide nitrogen, but larger pro- 
portions from plants in which the asparagine content had been greatly 
increased by water culture in the dark. 

Glutamine has been found in many plants, especially in seedlings (6), 
by Schulze. No other amides than asparagine and glutamine have yet been 
isolated from plants (7), but Schulze (8) has pointed out the probability 
that such must occur. We have found no indication of the presence of 
glutamine in alfalfa. 


The amino nitrogen of the alfalfa filtrate which belongs to 
free a-amino acids, or to simple peptides, is largely concentrated 
in the same fraction as the asparagine. Deducting the amino 
nitrogen of the 3.193 gm. of asparagine from the 1.66 gm. of amino 
nitrogen in this solution, leaves 1.362 gm. of amino nitrogen, 
which is only 13.6 per cent of the total nitrogen of the alfalfa 
filtrate ; a relatively small proportion. 

Tyrosine in a yield of 0.224 gm., containing 0.0175 gm. of nitro- 
gen, was isolated in pure form from 1 liter of alfalfa filtrate. 
This represents less than 0.2 per cent of the total nitrogen. The 
complete investigation of the amino acid make-up of this fraction 
will have to await the application of the methods of protein analysis 
to much larger quantities of material than we had at our disposal. 

The presence of peptides in this solution was demonstrated 
indirectly by the hydrolysis of a small fraction obtained as a 
copper salt. Before hydrolysis this fraction contained 69.5 
per cent of its nitrogen as amino nitrogen, while afterwards the 
ratio was 89 per cent. The mother liquor, from which as much 
material as possible had been removed by direct crystallization 
and by crystallization of copper salts, likewise contained peptides 
since, when allowance was made for free ammonia and amide 
nitrogen, the ratio of amino to total nitrogen was increased from 
63.5 to 77.6 per cent by hydrolysis. 


EXPERIMENTAL PART. 


1 liter of alfalfa filtrate, containing about 30 per cent of alcohol by 
volume, was treated with approximately 120 gm. of normal lead acetate 
in 20 per cent aqueous solution. The reaction of the juice before precipi- 
tation was between pH 4 and 5 and was practically unchanged by the addi- 
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tion of the reagent. The precipitate was washed with water, decomposed 
with hydrogen sulfide, and the solution and washings were concentrated to 
1,000 ce. This contained 24.89 gm. of organic solids and 1.08 gm. of nitrogen, 
of which 0.038 gm. was free ammonia and 0.559 gm. amino nitrogen. The 
high proportion of amino to total nitrogen and the fact that over 15 per 
cent of the amino nitrogen of the juice appears in this precipitate are of 
interest. 

The filtrate from the normal lead acetate precipitate was treated with 
20 per cent sodium carbonate solution until the reaction was alkaline to 
litmus, but still acid to phenolphthalein. The precipitate contained only 
0.18 gm. of nitrogen and was discarded. The filtrate was then made neutral 
to litmus with acetic acid, concentrated to about 2 liters, freed from a 
trace of lead with hydrogen sulfide, and, after removal of an aliquot for 
analysis, treated alternately with 20 per cent sodium carbonate and 20 per 
cent mercuric acetate until further additions of either reagent gave an 
orange precipitate. This required 180 gm. of mercuric acetate. An equal 
volume of 96 per cent alcohol was then added and the precipitate centri- 
fuged, washed with 50 per cent alcohol, and decomposed with hydrogen 
sulfide. The mercuric sulfide was removed and washed and the solution 
made to 1,000 cc. The filtrate from the mercuric acetate precipitate was 
acidified with acetic acid, freed from mercury with hydrogen sulfide, and 
concentrated to 2,000 cc. Analyses.of these solutions showed that only 
small losses of nitrogen had occurred. 

To the chilled solution of the substances precipitated by Neuberg’s 
reagent 5 per cent of sulfuric acid was added and 20 per cent phospho- 
tungstic acid solution until precipitation was complete. The precipitate 
was centrifuged off, washed with 5 per cent phosphotungstic acid wash solu- 
tion, and thoroughly treated with excess of cold saturated baryta solution. 
The barium phosphotungstate was then treated with warm baryta and finally 
digested twice more on a steam bath with baryta solution. Each extract 
was at once acidfied to pH 4 to 5 with sulfuric acid. All were united, 
filtered from barium sulfate, and concentrated to 1 liter. The examination 
of this solution will be reported later. 

As soon as the phophotungstic acid precipitate had been removed the 
filtrate was made slightly alkaline with baryta. Since this solution was 
strongly acid for not more than 2 hours hydrolysis of amides probably did 
not occur to any great extent. The barium sulfate and phosphotungstate 
were then filtered out, excess of baryta was quantitatively removed with 
sulfuric acid, and the solution made to 1 liter. This will subsequently be 
referred to as the amino acid solution. The analysis of these two fractions 
of the substances precipitated by Neuberg’s reagent has been given in the 
earlier part of this paper (pp. 649 and 650). 

The amino acid solution was concentrated under diminished pressure to 
about 40 cc. and allowed to stand in a cold place for 2 days during which 
time crystals separated. On recrystailizing from water asparagine mixed 
with tryosine was obtained. These were separated by elutriation and each 
obtained pure by repeated crystallization. On further concentration the 
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solution yielded a second crop of impure crystals from which more aspar- 
agine and tyrosine were obtained, as well as a crop of ill defined nodules 
and scales which was removed separately. This crop weighed only 0.27 
gm. and was not further investigated. The mother liquor was next treated 
with sufficient absolute alcohol to precipitate a heavy sirup. On standing 
several weeks crystals separated which were almost entirely asparagine. 
The yield of pure asparagine was equivalent to 3.193 gm. from 1 liter of 
alfalfa filtrate. Dried at 110° this lost 11.98 per cent of water and contained 
18.58 per cent of nitrogen. Theory for CsHs0,N2-H,0;H,0, 12.00 per cent, 
N, 18.66 per cent. 

A determination by Sachsse’s method gave 10.54 per cent of amide 
nitrogen. Theory for CsHsO;N: is 10.61 per cent. 

The pure tyrosine obtained was equivalent to 0.224 gm. from 1 liter of 
alfalfa juice. This contained 7.87 per cent of nitrogen. Theory, 7.74 per 
cent. 

The mother liquor, from which no more asparagine could be crystallized, 
was boiled with excess of-copper hydroxide, filtered while hot, and concen- 
trated to 200 cc. A small precipitate separated on standing which was de- 
composed with hydrogen sulfide, but pure crystallized asparagine could 
not be obtained from it. After hydrolysis it was found to contain 0.024 
gm. of nitrogen, of which 0.0125 gm. was ammonia. It probably contained 
asparagine, but the evidence is not conclusive. 

On further concentration two successive crops of semicrystalline copper 
salts were obtained, the first of which on decomposition and fractional 
crystallization yielded nodules containing 9.4 per cent of nitrogen, of which 
86 per cent was amino nitrogen. This material was therefore not aspar- 
agine. The second crop on decomposition yielded a sirup which was con- 
verted to a brown powder by means of absolute alcohol. This contained 
69.5 per cent of amino nitrogen. When boiled with 20 per cent hydro- 
chloric acid for 16 hours the proportion of amino nitrogen rose to 89 per 
cent. Tyrosine was absent as shown by a negative Millon’s test. The pow- 
der doubtless consisted of a mixture of amino acids and peptides. 

Copper was now removed from the mother liquor, and total and amino 
nitrogen determined before and after hydrolysis by boiling with 20 per 
cent hydrochloric acid for 16 hours. The ammonia set free by hydrolysis 
was also determined. The data are given in Table V. 

The amide nitrogen in the solution before hydrolysis was, therefore, 
0.159 gm. Assuming that only amides of dibasic amino acids are present 
the above data indicate that over 14 per cent of the nitrogen in this solu- 
tion may be in the peptide form. 

On account of the notable amount of amide nitrogen in the unhydrolyzed 
solution a further attempt was made to obtain asparagine from it by 
following Schulze’s method of precipitation with mercuric nitrate. The 
precipitate, at neutral reaction to litmus, produced by the alternate addi- 
tion of mercuric nitrate and sodium hydroxide, was decomposed with 
hydrogen sulfide and concentrated under diminished pressure with frequent 
additions of ammonia to preserve neutrality to litmus. No asparagine 
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was obtained, although analyses showed that the mercuric nitrate reagent 
precipitated 86 per cent of the amide nitrogen. 

In view of these failures to increase the yield of asparagine an attempt 
was next made to obtain aspartic acid after hydrolysis. The solution was 
concentrated in vacuo at: low temperature in the presence of excess of cal- 
cium hydroxide until free ammonia was removed. The filtered solution was 
boiled for 16 hours with 20 per cent hydrochloric acid, concentrated in 
vacuo, and the ammonia, set free by the hydrolysis, removed by distillation 
with excess of calcium hydroxide at low temperature. The concentrated 
solution containing the calcium salts of the dibasic amino acids was fil- 
tered and precipitated by the addition of a large volume of alcohol accord- 
ing to Foreman’s (9) method. The precipitate was dissolved in water and 
calcium removed quantitatively with oxalic acid. The solution was then 
boiled with excess of copper hydroxide, filtered, and concentrated to small 
volume. No copper aspartate was obtained. Copper was therefore re- 
moved with hydrogen sulfide and the solution concentrated to yery small 
volume and saturated with hydrogen chloride gas: A crystalline substance 
readily separated in small amount. On recrystallization from dilute 











TABLE V. 
oa on Before | After 
hydrolysis. hydrolysis. 
Ship ap il calvaos 7 lewis gm. gm. 
I ee ie eee ee eee ed | 1.184 1.093 
Free quamonia nitrogen. ........6 56 eee ic. 0.049 0.208 
Tee) OL ee TERR AIRS 0.041 
Amino eT nd Joga wes conse ede eae cueeeies 0.655 | 0.723 





hydrochloric acid the substance was obtained in long needles and apparently 
pure. As it melted with decomposition and sublimation at 287-290° it 
could not have been glutaminic acid hydrochloride (m.p. 197°). Less than 
0.1 gm. of this substance was obtained. Its nature will have to await 
further investigation. 


SUMMARY. 


The proteins and much inorganic matter dissolved in the juice 
expressed from the fresh ground alfalfa plant are precipitated 
by the addition of alcohol to a concentration of 53 per cent by 
weight. The filtrate is concentrated and preserved by the addi- 
tion of aleohol. This paper deals with the amide and amino acid 
nitrogen of this filtrate. 

A method of fractionation has been employed which is designed 
to permit the classification of the substances in the plant juice 
into groups of similar chemical nature as well as the isolation of 


individual substances. 
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Asparagine was isolated to the extent of 1.8 per cent of the 
organic solids and containing 5.8 per cent of the nitrogen of the 
alfalfa filtrate, but only about one-third of the amide nitrogen of 
this filtrate, as determined by Sachsse’s method, is thus accounted 
for. Other amides are probably present, but have not yet been 
identified. 

Free amino acids make up a relatively small proportion of the 
nitrogen of the alfalfa filtrate since only 13.6 per cent of the total 
nitrogen of the alfalfa filtrate occurs as amino acid nitrogen 
in the fraction in which the simple a-amino acids are concentrated. 

Tyrosine was isolated in very small amount. 

Indirect evidence is given of the presence of a small proportion 
of polypeptides in the juice of the alfalfa plant. 

A paper describing the isolation of certain basic substances 
from the alfalfa filtrate will shortly appear. 
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THE RELATION OF ACIDOSIS AND HYPERGLUCEMIA TO 
THE EXCRETION OF ACIDS, BASES, AND SUGAR 
IN URANIUM NEPHRITIS. 


By BYRON M. HENDRIX anp MEYER BODANSKY. 


(From the Laboratory of Biological Chemistry, School of Medicine, University 
of Texas, Galveston.) 


(Received for publication, April 22, 1924.) 


The development of acidosis, hyperglucemia, and glucosuria as 
well as typical nephritis-after the injection of uranium salts has 
been demonstrated by numerous workers. MacNider (1) has 
shown that the acidosis associated with this condition may be 
relieved by the administration of sodium bicarbonate. Karsner, 
Reimann, and Brooks (2) believe that the glucosuria which occurs 
soon after the administration of uranium is due to an increased 
permeability of the kidney. A similar conclusion has been 
reached by Wallace and Pellini (3) who did not, however, follow 
the course of the nephritis sufficiently long to observe the hyper- 
glucemia which invariably develops during the later stages of the 
intoxication. MacNider (1) has pointed out that acetone bodies 
are formed in uranium nephritis. He regards this as an indica- 
tion of a general intoxication, resembling somewhat that pro- 
duced by cyanides. Nuzum and Rothschild (4) have shown 
recently an increased excretion of organic acids in rabbits with 
uranium nephritis. 

Marriott and Howland (5) found an increase in the inorganic 
phosphate of the blood in nephritis in man, the increase being 
sufficient to account for the acidosis. On the other hand, Denis 
(6) obtained normal values for the inorganic phosphate concen- 
tration of the blood in uranium nephritis in rabbits. She did 
not follow the course of the nephritis for any great length of time 
and it is possible that the samples were obtained before any 
marked phosphate retention had begun. We shall show that 
dogs excrete the normal or more than the normal amount of 
phosphate during the early stage of uranium nephritis. 
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Goto (7) observed that the injection of uranium nitrate into 
dogs causes a fall in the CO.-combining power and the pH of the 
blood, and an increase in the urea. 

Cushny (8) says that acid, i.e. ionic hydrogen, is the most 
toxic of the known urinary constituents. The nitrogenous 
substances excreted in the urine are only mildly toxic. In the 
present work we have compared the changes in the blood with 
the amount of excretion of phosphates, organic acids, basic sub- 
stances, and sugar by the kidney in uranium nephritis in order to 
determine the changes in the urine which might account for the 
development of the decrease in CO,.-combining power and pH, 
and the increase of the sugar in the blood. Some variations in 
the acidosis have led us to consider the possible loss of acid 
through the alimentary tract, particularly from the stomach. 


EXPERIMENTAL. 


Dogs, mostly female, were fasted for at least 24 hours before 
the blood and: urine were collected for control analyses. The 
fasting was continued throughout the course of the experiment. 
The dogs were kept in large metabolism cages, and the urine was 
collected in bottles containing toluene. The cages were kept 
scrupulously clean and every precaution was taken to prevent 
contamination and putrefaction of the urine. Whenever possi- 
ble, the urine analyses were checked by analyzing, separately, 
urines obtained by catheterization. Arterial blood was drawn 
from the heart for the blood analyses. 

The acid of the urine was titrated, after the addition of an 
excess of solid neutral potassium oxalate, with 0.1. N NaOH, using 
phenolphthalein as the indicator. The phosphates were deter- 
mined by titration with standard uranium acetate solution. 
The organic acids of the urine were determined by the 
method of Van Slyke and Palmer (9), the pH of the urine by 
Clark’s indicator method (10), and the urinary sugar by the 
method of Shaffer and Hartmann (11). The ammonia of the 
urine was estimated by the aeration method of Folin (12). In 
the case of the blood analyses, the CO.-combining power was 
determined by the Van Slyke (13) method, pH by Cullen’s (14) 
method, and non-protein nitrogen and sugar by the methods of 
Folin and Wu (15). 
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The excretion of albumin and the increase of the non-protein 
nitrogen of the blood have served as indications of the nephritic 
condition. The excretion of albumin began very soon after the 
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Cuart 1. Dog 1, female, weighing 12.8 kilos, received an injection of 
76.8 mg. of uranium acetate. This chart shows the variations which occurred 
as a result of this injection in (A) the CO2-combining power of the blood, 
(B) the pH of the blood, (C) the non-protein nitrogen of the blood, and 
(D) the blood sugar. 


uranium acetate injection, being present in specimens of urine 
collected 3 hours following the injection. Albumin disappeared 
from the urine when the marked oliguria developed later in the 
course of the nephritis. 
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One of the most noticeable effects of uranium intoxication in 
dogs is the very prompt development of acidosis as shown by 
the fall in the CO2-combining power and pH of the blood. The 
fall in the CO.-combining power of the blood in 24 hours was 
more than 40 per cent in Dog 21, and in every case it was com- 
paratively great. In the case of Dog 18, the fall was only slightly 
more than 8 per cent. The change in pH was likewise very 
noticeable within 24 hours after the injection except in Dog 19 
in which it remained unchanged. The fall in pH within the 
first 24 hours was, in one case (Dog 23), greater than 0.3. The 
development of acidosis and changes in the sugar concentrations 
of the blood were followed more closely in Dogs 21 and 22. In 
both these animals there was a definite fall in the CO.-combining 
power and pH of the blood within 3 hours after the injection. 
The appearance of relatively large amounts of sugar in the urine 
was likewise observed in both animals soon after the injection. 
A pronounced increase in the blood sugar was observed, however, 
in only one of the dogs (Dog 22). 

The change in the character of the urine after the administra- 
tion of uranium is most interesting. Except in Dogs 18 and 22 
there was observed an increased excretion of phosphates during 
the -first few days of the intoxication. This increase was con- 
siderably more than 100 per cent for the first 24 hours of the 
nephritis in the case of Dog 23 which eliminated 0.519 gm. of 
P.O; on the control day and 1.213 gm. on the Ist day after the 
injection. Dog 22 passed through the stage of high phosphate 
excretion so rapidly that the analysis of the composite 24 hour 
urine specimen did not reveal the excessive excretion of phos- 
phate which was observed in the urine specimens collected 6 and 
9 hours after the uranium was administered. 

The titratable acidity and hydrogen ion concentration of the 
urine are markedly decreased at the time of high phosphate 
excretion, these changes being simultaneous with the fall in the 
CO.-combining power and pH of the blood. Since the phosphate 
and pH of the urine are increased while the titratable acidity is 
decreased, there is obviously a greater loss of base from the body 
during this period than in the normal period; that is, more of 
the phosphate is excreted as the basic phosphate. There was 
no evidence of hyperpnea after the administration of uranium 
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acetate which might have caused a loss of base from the body 
by a compensatory excretion of alkali to balance the loss of CO. 
from the blood. In order to show these variations in our experi- 
ments, we have calculated the percentage of acid phosphate 


Ce. 0.1 N acid 
Ce. 0.1 m phosphate 





in each specimen of urine (see protocols), assuming that all the 
acid was excreted as the acid phosphate. 

In the case of Dog 19, the fall in the percentage of acid phos- 
phate excreted was not observed until the 2nd day when it was 
relatively slight. There was no decrease in titratable acidity in 
this animal. Dog 18 did not show a decrease either in acid 
phosphate or in titratable acidity. However, this animal did 
not develop severe enough nephritis to result fatally. Except 
for this experiment and the one performed on Dog 23, all other 
experiments were terminated by the death of the animals. In 
most cases, the loss of base was most rapid during the first hours 
following the injection. Both Dogs 21 and 22 excreted a urine 
alkaline to phenolphthalein 9 hours after the uranium had been 
administered. Of course, only negligible amounts of acid phos- 
phate were being excreted at this time. 

Still another way in which bases are lost from the dog’s body is 
by the excretion of salts of organic acids. Unfortunately, we 
did not, at first, recognize the réle which organic acids play in 
depleting the body of base; therefore, we have complete data 
only in the case of four dogs. The increased excretion of or- 
ganic acids varied from 3.51 times the normal in Dog 25 to 6.28 
times in Dog 24. These results can leave no doubt in regard to 
effect produced by the formation of excessive amounts of organic 
acids. In Table I are presented the results obtained by calculat- 
ing the loss of base from the body by the various factors during 
the first 24 hours of uranium nephritis. A comparison of this 
loss is made with the observed loss of base from -the blood as 
indicated by the fall in CO.-combining power. The blood has 
been regarded as a 0.05 normal solution of base in combination 
with carbonic acid, protein, and phosphate. These calculations 
show that the loss of base from the body is greater than can be 
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accounted for by the change in the CO.-combining power of the 
blood. 

It appears that the acidosis occurring early in uranium nephritis 
is due to the excessive excretion of base, through the kidney, 
in combination as dibasic phosphate and as salts of organic acids. 
Ammonia does not account for any portion of the increase in 
base excretion. As a matter of fact, the excretion of ammonia 
is always decreased after the injection of uranium acetate. On 


TABLE IL. 


Loss of Base in First 24 Hours after the Injection of Uranium Acetate, 
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17 | -6.0) 3.1 | 28.2 —5.04} 9.60 | | 71.7 
19* | 104.0, 167.7 | 127.6 —7.62) 15.65 102.2 
20 | —23.7} 38.3 | 122.4 | —15.86| 32.20 191.6 
21 | —1.0| 68.6 | 139.4t —21.50| 41.88 401.3 
"22 | —45.7/-174.0 |—256.8 —12.60) 25.17 | 288.4 
23 | 3.0/ 97.7 | 127.6 | 1,263.8) —11.07| 23.50 | 1,391.4) 188.4 
2 | -9.3) 30.5 | 54.2 | 1,100.4) —10.81| 23.08 | 1, ry 6| 134.0 
2 | 25.3) 37.0] 124.4] 380.0) —9.51| 21.14] 504.4! 112.7 
26 | —22.9) 51.9/ 125.4] 987.6) —7.99| 16.98 | 1,113.0} 101.0 





*Interval represented in this case is from the 15th to the 39th hour 
following the injection. 

{This represents the variation in base excretion as phosphate from con- 
trol (acid on control day was in excess of its NaH:PO; equivalent). 


this account, our calculated values for the loss in fixed base are 
slightly lower than is actually the case. We have included the 
data of certain of the earlier experiments in Table I because they 
show that a considerable amount of base may be lost in combina- 
tion with the phosphate alone. 

The decrease of urinary ammonia indicates its formation in 
the kidneys as suggested by Nash and Benedict (16) The 
acidosis as shown by the fall in CO.-combining power and pH of 
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the blood does not increase the ammonia in the urine when the 
kidney had been damaged by uranium. It has been demonstrated 
by Russell (17) that the ammonia content of the blood does not 
increase in clinical nephritis. 

Within several days after the onset of severe uranium nephritis, 
the urine changes in character, becoming scanty in amount and 
containing very little phosphate, though for a time, the organic 
acids continue to appear in relatively high concentration. Al- 
though our dogs were fasting, there must have been considerable 
retention of phosphate at this time. As there was no feces 
excreted in most of our dogs, it appears unlikely that phosphates 
may have been eliminated by way of the alimentary tract. It 
seems obvious, therefore, that the acidosis occurring in the later 
stages of uranium nephritis .is due to the retention of acid phos- 
phates. In this connection, it is to be noted that in the dogs 
which recovered (Nos. 18 and 23), the excretion of phosphate 
remained relatively high throughout the course of the experiment. 

The character of the organic acid eliminated has not been 
fully investigated, but we believe that they were, for the most 
part, very weak acids. The pH of the urine was usually com- 
paratively high although the titratable acidity greatly exceeded 
the amount which could be accounted for by the phosphates. 
We have employed the method of Van Slyke (18) for acetone 
bodies in an attempt to determine the presence of these substances 
in the urines of our nephritic animals, but only traces were found. 
It may be mentioned that Badzynski and Karezewski (19) have 
shown recently that the excretion in 24 hours in man of oxyproteic 
acids may be equivalent to as much as 271 to 376 cc. of 0.1 N 
acid. Toward the end of many of our experiments, the pH of 
the urine decreased to such an extent as to indicate the presence 
of relatively strong organic acids. 

A remarkable condition of a partial or almost complete return 
to normal of the CO.-combining power and pH of the blood 
sometimes occurs. We have observed this in a number of ex- 
periments, but for the purpose of economizing space, the results 
obtained only in the case of Dog 1 are represented in Chart 1. 
We have had opportunity to study this peculiarity in some detail 
upon Dog 25. This animal showed a typical onset of acidosis. 
The CO.-combining capacity on the control day was 44.97 
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volumes per cent and the pH 7.42. Both declined typically and 
on the 5th day were 29.11 and 7.17, respectively. The next day, 
the COz had increased to 36.23 volumes per cent and the pH to 
7.23. There was a further increase to 44.78 and 7.33 on the 
following day. Thereafter there was a decline especially in 
the pH values. The pH fell to 6.98 on the 9th day, shortly 
before the dog died. The temporary return to normal seems 
to have been brought about by the loss of acid by way of the 
stomach. The fluid in the urine bottle on the morning of the 
6th day of the experiment had a pH of 2.8. There was other 
evidence that the animal had been vomiting. Considerable 
vomitus was likewise eliminated on the 7th and 8th days of the 
experiment. It seems certain, therefore, that sufficient acid 
was excreted through the stomach to relieve the acidosis. The 
facts that the non-protein nitrogen of the blood continued to 
rise and the elimination of phosphates was decreased to insig- 
nificant values during this period of apparent recovery, indicates 
that the kidney was becoming less efficient as an organ of excre- 
tion. Blood taken from the animal several hours before death 
was found to contain 532 mg. of non-protein nitrogen in 100 ce. 

The relation between the pH and the sugar of the blood does 
not seem to be a constant one. The blood sugar is always high 
and the pH low for a few days preceding death. On the last 
day of the experiment, in the case of Dog 25, we recorded a 
blood sugar value of 400 mg. in 100 cc., the highest concentration 
which we have observed. The pH of the blood at this time was 
6.98. The hyperglucemia occurring in the last stages of uranium 
nephritis seems to be more or less comparable with the low pH. 
However, the low pH cannot be regarded as the only factor 
affecting the blood sugar concentration, for the increased renal 
permeability characteristic of early uranium nephritis counter- 
acts any tendency toward hyperglucemia, and may at times even 
result in a diminution of the blood sugar concentration to sub- 
normal values. In a number of instances a slight hypoglucemia 
was observed 24 hours after the uranium injection. We have no 
data pointing to other factors which might influence the blood 
sugar concentration. It has been suggested that liver injury 
might be the cause of hyperglucemia. However, artificially in- 
duced liver injury in previously fasted animals usually causes 
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hypoglucemia. A study of our data gives us the impression that 
acidosis is at least partially responsible for the hyperglucemia, 
but the results are too inconsistent to permit of any definite con- 
clusions in this regard. 


SUMMARY. 


1. In confirmation of much earlier work, acidosis as shown by 
the CO.-combining power and pH of the blood, hyperglucemia, 
and glucosuria have been observed after the administration of 
uranium acetate to dogs. 

2. In the early stages of the intoxication the acidosis is as- 
sociated with an increased excretion by the kidneys of basic 
phosphates and the salts of organic acids. 

3. The severe acidosis of the later stages of uranium nephritis 
is associated with a marked decrease in phosphate excretion. 

4. The decrease in urinary ammonia in uranium nephritis lends 
support to the theory of Nash and Benedict that it is of renal 
origin. 

5. In a number of dogs, we have observed sufficient loss of acid 
from the stomach by vomiting to relieve partially the acidosis. 
This effect, however, was a temporary one. 

6. Increased renal permeability is probably responsible for the 
glucosuria occurring early in uranium nephritis. 

7. Although some relationship between the degree of acidosis 
and the glucosuria and hyperglucemia is indicated, it does not 
appear that this relationship is a quantitative one. 
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SYNTHETIC LECITHINS. 


By P. A. LEVENE anp IDA P. ROLF. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, May 19, 1924.) 


The work on lecithins in this laboratory has brought out the 
fact that the purest lecithins prepared to date have been not 
individual substances but mixtures of lecithins differing from one 
another by the character of the fatty acids entering into the 
structures of their molecules. The separation of the individual 
lecithins from the mixture will always remain a difficult problem 
and there is very little hope that this will be accomplished in the 
near future. The more promising way to obtain information 
as to the properties of individual lecithins seems to lie through 
synthesis. Eventually, this aim will be accomplished, but for 
the present, many difficulties lie in the way of its achievement. 
It was therefore concluded to begin the efforts towards synthesis 
by reconstructing lecithins from lysolecithins. True lysolecithin 
itself is a mixture of two substances, one containing stearic, and 
the other palmitic acid.'. However, the physical properties of 
these two cannot differ greatly. Much greater physical dif- 
ferences are to be expected in two lecithins, one containing the 
radical of oleic, and the other that of arachidonic acid. 

Four derivatives of lysolecithin have been prepared to date; 
namely, acetyl, benzoyl, oleyl, and elaidyl lysolecithins. The 
instructive point obtained from the behavior of these derivatives 
is that the physical properties, the brown appearance, and the 
very soft consistency, which one is accustomed to associate with 
the natural lecithins, are apparently due to the presence in their 
molecule of the highly unsaturated fatty acid. The physical 
properties of oleyl lysolecithin lie, as regards consistency, be- 


1 Levene, P. A , Rolf, I. P., and Simms, H. S., J. Biol. Chem., 1924, lviii, 
859. 
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tween those of dihydrolecithin and natural lecithin, and in point 
of color, resembles dihydrolecithin entirely. 

A particular point of interest is the bearing of the reconstructed 
lecithin on the hemolytic action of bysolecithins. Lysolecithin 
and lysocephalin were found to possess hemolytic properties.' 
Yet it was difficult to state with absolute certainty that the 
hemolytic property was due actually to the molecule of lysoleci- 
thin and not to a minute quantity of an impurity. In the course 
of the fractionation carried out in the present work, samples 
were obtained which contained varying proportions of lysoleci- 
thins and it was found that samples which had all the properties 
of reconstructed lecithin, but contained small traces of the lyso- 
lecithin, still possessed hemolytic properties. These properties 
disappeared only after all lysolecithin was removed. This 
observation is valuable as it offers a good method, on the one 
hand, for testing the purity of the reconstructed lecithin and on 
the other, for corroborating the theory that the hemolytic action 
is due actually to lysolecithin. 


EXPERIMENTAL. 


Preparation of Lysolecithins—The mixture of “stearic” and 
“palmitic” lysolecithins used in the following syntheses was pre- 
pared and purified according to the methods described in two 
earlier papers on lysolecithins and lysocephalins.':? It analyzed 
as follows: 


0.0944 gm. substance: 0.1982 gm. COz, 0.0868 gm. H,O, and 0.0141 gm. 
ash. 

0.1748 gm. substance: (Kjeldahl) 3.70 cc. 0.1 N acid. 

0.2622 “ - : (fusion) 0.0536 gm. Mg2POr. 


It contained no amino nitrogen. 


Found. (No. 16). C 57.25, H 10.28, N 2.96, P 5.69, ash 14.93. 
ome Amino N: 0 
Calculated. Lysolecithin. “TotalN, ~ 100 
Containing stearic acid. C 57.65, H 10.43, N 2.59, P 5.73. 
* palmitic “ “56:10, “ 10.29, “ 2.22, “‘ 6.14. 





2 Levene, P. A., and Rolf, I, P., J. Biol. Chem., 1923, lv, 743. 
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Preparation of Acetyl Lysolecithins—-A mixture of “‘stearie”’ 
and “palmitic” lecithins, in which the unsaturated acid grouping 
is substituted by acetic acid, may be prepared by heating the 
mixed lysolecithins in a solution of chloroform and pyridine with 
acetic anhydride, using sodium acetate as catalyst. 

1 gm. of lysolecithin, suspended in a mixture of 5 ce. of well 
dried chloroform and 5 cc. of pyridine (dried by three distillations 
over barium oxide), was allowed to stand for 2 days at room 
temperature with 1 cc. of acetic anhydride.’ The mixture was 
diluted with methylethyl ketone, filtered from the slight pre- 
eipitate, and the volatile constituents were removed by repeatedly 
concentrating to dryness under diminished pressure. The res- 
idue was dissolved in methylethyl ketone, and on standing, a 
material separated which in general appearance resembled leci- 
thin. On drying, it formed a white wax-like mass (0.8 gm.), 
easily soluble in alcohol, warm methylethyl ketone, and warm 
acetone. 

Like all the lecithin derivatives prepared thus far, it forms a 
well defined white cadmium chloride salt. The latter is insoluble 
in alcohol, acetone, and toluene, but very soluble in water and 
ehloroform. Suspended in ether, it forms an emulsion, but on 
the addition of a few drops of water, the salt passes into the 
aqueous layer. Its subsequent behavior indicates, however, 
that its solution in water is accompanied by a greater or lesser 
degree of decomposition. The cadmium salt may be purified 
by repeated solution in warm 75 per cent alcohol, from which it 
separates in white amorphous flakes on cooling. 

The free lecithin may be recovered by the usual method of 
treating a chloroform solution of the cadmium salt with methyl 
alcoholic ammonia. 

Material purified in this manner analyzed as follows:. 


0.1072 gm. substance: 0.2238 gm. COz, 0.0958 gm. H,O, and 0.0160 gm. 
ash. 

0.0974 gm. substance: (Kjeldahl) 1.80 cc. 0.1 N acid. 

0.1949 “ ” : (fusion) 0.0396 gm. Mg2P:20;. 





3 The acetic anhydride used was purified by the method of Walton and 
Withrow (Walton, J. H., and Withrow, L. L., J. Am. Chem. Soc., 1923, 
xlv, 2690) 











680 Synthetic Lecithins 


0.200 gm. of substance was hydrolyzed with Ba(OH),. for 
acetyl determination. 4.7 cc. of 0.1 N KaOH were required to 
neutralize the distillate. 


Found. No. 55. 

C 56.93, H 10.00, N 2.58, P 5.66, CH;CO 10.15. 
Calculated. ‘Acetic stearic’’ lecithin. 

C 57.70, H 10.01, N 2.41, P 5.32, CH;CO 7.4. 
Calculated. “‘Acetic palmitic’’ lecithin. 

C 56.10, H 9.80, N 2.55, P 5.60, CH;CO 7.8. 


Although one sample of material on analysis showed an amount 
of acetic acid equivalent to 0.95 mol, four others were consis- 
tently high, averaging 1.3 mols. 

Benzoyl Lysolecithin—aA lecithin in which benzoic acid was 
substituted for the unsaturated acid was prepared by melting 
the mixed lysolecithins and benzoic anhydride in the presence of 
sodium acetate, for 14 hours at 80°. The mixture was then 
cooled, and 15 volumes of ether were added. The precipitate of 
sodium acetate and unchanged lysolecithin, which separated on 
standing, was removed by filtration, the ether evaporated, and 
the residue dissolved in alcohol. From this solution the lecithin 
derivative was precipitated as the cadmium chloride salt. Using 
7 gm: of lysolecithin, 35 ce. of benzoic anhydride, and 10 gm. of 
sodium acetate, 8.75 gm. of the crude cadmium chloride salt were 
obtained. 

The cadmium salt of this benzoyl derivative is insoluble in 
absolute alcohol, but may be purified by repeated reprecipitation 
from its solution in dilute alcohol. Its solubility increases with 
the water content. It is insoluble in toluene, benzene, chloro- 
form, and ether. Unlike the analogous salt of “natural’’ lecithins, 
it does not form a soluble complex with an ether-water mixture, 
but on the addition of water to an ethereal suspension, the salt 
passes into the aqueous layer. 

The cadmium salt, decomposed in the usual manner with 
ammonia, yields the free lecithin derivative. The latter is 
soluble in warm acetone, alcohol, and ether. From very cold 
acetone it separates as a colorless mass of buttery consistency. 
This dries to a white wax-like material, which clears gradually 
on heating, having no definite melting point, however. Two 
such substances analyzed as follows: 








det 
of | 
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0.1044 gm. substance: 0.2344 gm. CO:, 0.0910 gm. H,0, and 0.0128 gm. 


ash. 
0.1145 gm. substance: 0.2522 gm. CO», 0.0940 gm. H,O, and 0.0138 


ash. 


0.1933 gm. substance: (Kjeldahl) 3.35 cc. 0.1 N acid. 
0.1933 “ ” : . a" 44°. 


0.2900 gm. substance: (fusion) 0.0520 gm. Mg2P.0+. 
0.2899 <“ ” ; * 0.0513 “ . 





0.1900 mg. substance after hydrolysis similar to that for acetyl 
determination required for neutralization of the distillate 2.8 ec. 
of 0.1 n NaOH. 


Found. No. 111. 
C 61.22, H 9.75, N 2.42, P 5.00. 
Found. No. 121. 
C 60.06, H 9.18, N 2.42, P 4.93, CsH,CO 15.4. 


Calculated. “Benzoic stearic’’ lecithin. 

C 61.42, H 9.37, N 2.17, P 4.82, CsH,CO 16.26. 
Calculated. ‘Benzoic palmitic’ lecithin. 

C 60.09, H 9.14, N 2.27, P 5.03, CsH,CO 17.11. 


Oleyl Lysolecithin—An unsaturated lecithin containing olei® 
acid was prepared in the same manner as was the benzoyl sub- 
stituted derivatives. Oleic anhydride was obtained according 
to the directions of Holde and Rietz* and melted at 22°C. A 
mixture containing 10 gm. of oleic anhydride together with 
5 gm. of lysolecithin and 1 gm. of sodium acetate was main- 
tained at 90-100° for 1 hour. All ether-insoluble material was 
then removed and the lecithin precipitated as the cadmium 
chloride salt (10.2 gm. of crude product). The cadmium salt, 
after repeated reprecipitations from dilute alcohol, was decom- 
posed with NH; and the lecithin isolated in the usual manner 
by emulsifying the residue with water and precipitating it with 
cold acetone. Lecithin obtained in this manner is perfectly 
soluble in warm dry acetone or methylethyl ketone. It dissolves 
with difficulty in dry ether. 

Analysis at this stage indicated that it was still contaminated 
by lysolecithin and it was therefore repeatedly fractionated from 


4 Holde, D., and Rietz, K., Ber. chem. Ges., 1924, lvii, 99 
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dry ether containing increasing quantities of acetone and finally 
by fractional precipitation from methylethyl ketone. The more 
soluble fraction was a perfectly white hygroscopic substance 
of the consistency of a soft wax, appearing almost crystalline. 
On heating, it cleared gradually between 50 and 100°, at no time 
really melting, and eventually decomposed with gas evolution 
at about 200°. 
This substance analyzed as follows: 


No. 169. 0.1006 gm. substance: 0.2371 gm. COs2, 0.0956 gm. H,O, and 


0.100 gm. ash 
0.0980 gm. substance: (Kjeldahl) 1.30 cc. 0.1 N acid. 
0.1471 “ se : (fusion) 0.0218 gm. Mg2P20>. 
0.2027 “ ¥ : (Wijs) 0.6836 gm. iodine. 


Found. No. }69. 

C 64.77, H 10.63, N 1.86, P 4.12, Iodine No. 33 
Calculated. “Oleic palmitic” lecithin. 

C 64.81, H 10.81, N 1.80, P 3.99, Iodine No. 32.7. 
Calculated. “Oleic stearic’ lecithin. 

C 65.55, H 11.01, N 1.73, P 3.85, Iodine No. 31.5. 


Hemolytic Activity of Oleyl Lysolecithin—Through the kind- 
ness of Dr. Hideyo Noguchi, the hemolytic activity of this 
material toward horse cells and also that of the higher fraction 
(No. 167) (which had separated from methylethyl ketone at 
room temperature) were compared with that of the original 
lysolecithin. 1 per cent solutions of all substances were used in 
the following. 














| Oley] lysolecithin. 
Dilutions. Amount. Lysolecithin. | 
No. 167. | No. 169. 
a | 
= 
1:10 1.7 C. H. C. H. C. H. 
1.0 . ” Very slight H. 
0.5 “ Sl. H. No H. 
0.2 ? No H. Alias 
l ° 100 1 ' 0 “ “ “ “ “ 
0.5 
0. 2 SL. H. “ “ “ “ 
1:1,000 1.0 No H. “ “ “ “ 

















C. H. = complete hemolysis; Sl. H. = slight hemolysis; and No H.= 
no hemolysis. 
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By further fractionation from methylethyl ketone, a sample 
of oleyl lysolecithin was separated which showed no trace of 
hemolysis in 1:10 dilution. 

Elaidyl Lysolecithin.—Elaidic acid was prepared by the action 
of nitrous acid on oleic acid. Its anhydride was obtained by 
the same method as that used in the preparation of its isomer, 
oleic anhydride.* 3 gm. of elaidic anhydride were condensed with 
1 gm. of lysolecithin by the technique described above; the ether- 
insoluble material was separated as usual, and the lecithin isolated 
through its cadmium chloride salt. The free lecithin separated 
in white amorphous flakes from solutions in alcohol and in ether, 
and was readily precipitated by dry acetone. On drying, it 
formed a white powder, which showed no tendency to form the 
typical waxy masses characteristic of the other lecithin deriva- 
tives described. It melted sharply at 220°. Owing to the small 
amount of material available, it was not possible to purify this 
further. 

This material analyzed as follows: 


No. 166. 0.0991 gm. substance: 0.2284 gm. CO., 0.0946 gm. HO, and 
0.0139 gm. ash. 
0.1930 gm. substance: (Kjeldahl) 2.45 cc. 0.1 N acid. 
0.2895 “ ” : (fusion) 0.0382 gm. Mg:P20;. 
0.2007 “ " : (Wijs) 0.065 gm. iodine. 
Found. No. 166. 
(Ash-free.) C 66.45, H 11.28, N 1.77, P 3.67, Iodine No. 32. 
Calculated. ‘‘Elaidic palmitic’’ lecithin. 
C 64.81, H 10.81, N 1.80, P 3.99, Iodine No. 32.7. 
Caiculated. ‘‘Elaidic stearic’’ lecithin. 
C 65.55, H 11.01, N 1.73, P 3.85, Iodine No. 31.5. 














ON WALDEN INVERSION. 


III. OXIDATION OF OPTICALLY ACTIVE THIOSUCCINIC 
ACID AND THIOSUCCINAMIDE TO THE CORRE- 
SPONDING SULFO ACIDS. 


By P. A. LEVENE anp L. A. MIKESKA., 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, May 22, 1924.) 


The considerations which led to the present investigation were 
discussed in the first paper of the series. In that paper, the 
result of the oxidation of optically active secondary mercaptans 
into the sulfonic acids was reported. This oxidation brought 
about a change of direction of the optical rotation. The second 
paper dealt with oxidation of the 2-thiopropionic (thiolactic) 
acid into the corresponding sulfonic acid. On that occasion, 
the oxidation remained without influence on the direction of 
rotation. In the present paper, the results of oxidation of thio- 
succinic into sulfosuccinic acid and of thiosuccinamide into 
sulfosuccinamide are reported. Succinic acid differs from pro- 
pionic acid by the presence of a second negative group in the 
molecule. On the other hand, succinamide differs from succinic 
acid in the polarity of one of the terminal carbon atoms, as is 
obvious from the following representation. 


COOH COOH CONH, 

ia —> da — CH; 

hei Cnt a 
hes COOH 


In both of these substances, the oxidation of the thio acid 
into the sulfonic acid remained without effect on the optical 
rotation. The series of reactions was as follows: 
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° 


COOH(CONH:) COOH(CONH:) COOH(CONH:) COOH(CONH,) 
| 


CHBr CHSCSOC3H; CH-SH CH-SO,0H 
CH, CH, CH, CH, 

| 

COOH COOH COOH COOH 
Levo. Dextro. Dextro. Dextro. 


There is one point of divergence in the behavior of bromo- 
propionic and bromosuccinic acids which is worthy of note. 
The bromolactic acid showed only a slight tendency towards 
racemization, so that the preparation of the optically active 
thiopropionic and sulfopropionic acids proceeded without diffi- 
culty. In the case of the succinic acid, when the directions of 
Biilmann were followed, the xanthosuccinic and thiosuccinic 
acids were racemized to such an extent that the sulfo acid pre- 
pared from them was totally inactive. In order to obtain the 
optically active substances, two precautions had to be taken; 
one during the substitution of the bromo acid by potassium 
xanthate and the other during the oxidation of the thio acid with 
bromine. It was found necessary to maintain the first reaction 
at low temperature, practically at 0°C., and the second reaction 
had to be carried out at nearly the neutral point. For this 
purpose, the solution was buffered with an excess of solid barium 
carbonate. 

The composition of the barium salt of the sulfosuccinic acid 
always showed slight disagreement with the theory and, there- 
fore, the sodium and the acid potassium salts of the sulfonic 
acid were prepared. The latter gave more satisfactory ana- 
lytical results. 


d-Xanthosuccinic Acid. 


The xanthate was prepared according to the directions of 
Einar Biilmann’ for the corresponding racemic form. 60 gm. 
of l-bromosuccinic acid ({a]; = —73.62°) were dissolved in 
300 cc. of water and cooled to —5°C. The acid was neutralized 
with 32.18 gm. of sodium carbonate, whereupon 53.25 gm. of 
potassium xanthate were added. The mixture was allowed to 


1Biilmann, E., Ann. Chem., 1905, ccclx, 369. 
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stand at 0°C. for 8 days. A few drops of HCl were then added 
and the solution was filtered. The cooled filtrate was then 
‘treated with 122 ce. of cold concentrated hydrochloric acid. 
On further cooling, the xanthate crystallized out. It was puri- 
fied by recrystallizing from water. Yield 69 gm. It had an 
optical rotation of 


fal? = + 2.16° X 100 
&}p 1 X 3.46 





= + 62.43° 


0.2018 gm. substance: 0.14110 gm. BaSOx,. 
CsH,.0;S2. Calculated. S 26.92. 
Found. “28.01. 


d-Thiosuccinic Acid. 


37 gm. of d-xanthosuccinic acid ([a], = +48.00°) were dis- 
solved in 400 cc. of absolute alcohol, cooled to —5°C., and then 
treated with 115 cc. of concentrated aqueous ammonia. The 
mixture was allowed to stand at 0°C. for 7 days. Most of the 
solvent was then removed under reduced pressure. The resi- 
due was rendered alkaline with ammonia, and the xanthoamide 
was removed by extraction with ether. The greater part of the 
excess of ammonia was removed from the residue by concen- 
tration under reduced pressure. The residue was then treated 
with 35 cc. of concentrated hydrochloric acid and extracted with 
ether. The ether extract was dried over sodium sulfate. On 
concentration and cooling, the thio acid crystallized out. It 
melted at 138°C. and showed a rotation of 


+ 2.37° X 100 ae 
lols = Tx gag 7 + 571 

In another experiment, a substance was obtained with an 
optical rotation of [a]; = +68.43°. The substance analyzed 


as follows: 
0.2004 gm. substance: 0.3256 gm. BaSO,. 


C,.H,O.8. Calculated. S 21.33. 
Found. * ee. 








Views 
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Barium Sulfosuccinate. 


3 gm. of d-thiosuccinic acid ([a]*? = +68.43°) were dissolved 
in 30 cc. of H.O. To this were added 11.72 gm. of barium car- 
bonate (6 equivalents), and the solution was thoroughly cooled. 
Bromine was then added until it was no longer consumed. The 
slight excess of bromine was then removed by adding a small 
amount of thiosuccinic acid. A slight excess of barium hy- 
droxide was then added whereupon the barium salt precipitated 
at once. The precipitate was washed with a little hot water. 
It was divided into 2 parts and treated as follows: 

The first part was treated three times with hot water and filtered. 
The precipitate was dried and rotation. determined in 10 per cent 
hydrochloric acid. 

» _ +0.52° x 100 


[elo = xs tH 


As the salt contains 51.11 per cent of barium, the above weight 
corresponds to 0.3405 gm. of free acid. Therefore 


0 _ +0.52° X 100 


[ol], = 1X 3.405 





= + 15.27? 


for free acid. 
The substance analyzed as follows: 


0.0916 gm. substance: 0.7800 gm. BaSO, (for Ba). 


0.1832 “ ” : 0.1012 “ ~ _? we. 
CsH,O1.8:Ba;. Calculated. Ba 51.11, S 8.00. 
Found. “* Gi, “SR. 


The second part of the salt (1.5 gm.) was suspended in 10 ce. 
of water and 4 cc. of 10 per cent acetic acid. The solution was 
thoroughly shaken and filtered. The residue was washed with 
hot water, dried, and the rotation determined in 10 per cent HCl. 

+ 0.34° X 100 


[als = Tx a76 = + 247° 


The substance analyzed as follows: 


0.0909 gm. substance: 0.0887 gm. BaSO, (for Ba). 
0.1837 “ “ : 0.1028 “ - to? m=. 
CsH,O,,8.Bas. Calculated. Ba 51.11, S 8.00. 
Found. “ 50.23, “7.64. 
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Sodium Sulfosuccinate. 


5 gm. of d-thiosuccinic acid ({a]z? = +45.93°) were dissolved 
in 50 ce. of water, cooled to —5°C., and neutralized with 15.84 gm. 
of sodium carbonate (9 equivalents). Bromine was then added 
until it was no longer consumed. The total amount of bromine 
utilized was 16 gm. (15.96 gm. = 6 equivalents). The last 
trace of bromine was removed by adding a small amount of 
thiosuccinic acid to the solution. The solution was then treated 
with absolute alcohol. An oil precipitated, which crystallized 
on stirring. This was redissolved in a little water and repre- 
cipitated with absolute alcohol. It was then free from sodium 
bromide. Dried over H.SO, in vacuum. It had a rotation in 
10 per cent HC! of 

+ 0.80° X 100 


MN Fe EN no x ° 
lel = ST x500 7 + 1887 


Calculated on the basis of the free acid 


~ +0.80° X 100 F 
GG aE = @ 23. Ro 
la] 1 X 3.425 sie 


The substance analyzed as follows: 


0.1000 gm. substance: 0.0734 gm. Na,SOx,. 


0.2000 “ a : 0.1640 “ BaSO,. 
C,H;0;Na;S-14 H,O. Calculated. Na 23.71, S 11.00. 
Found. “ 23.77, ** 11.26. 


Potassium Sulfosuccinate. 


15 gm. of thiosuccinic acid ([a]?? = +45.93°) were dissolved 
in 150 cc. of water, cooled to —5°C., and neutralized with 62.1 
gm. of potassium carbonate (9 equivalents). Then. bromine 
was added with cooling until it was no longer consumed. The 
total amount utilized was 50 gm. (6 equivalents). The solution 
was then evaporated to dryness under reduced pressure, after 
the excess of bromine had been removed as in the previous ex- 
periments. The residue was taken up in cold glacial acetic acid, 
thoroughly shaken, and then filtered. This was twice repeated. 
Potassium bromide remained undissolved. The filtrate was 
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concentrated under reduced pressure. On concentration, a 
white crystalline substance separated. This was recrystallized 
twice from water. It showed a rotation in 10 per cent HCl of 


‘ .76° X 100 ; 
<n oa ee + 13.34° 


[ol], 1 X 5.696 

Calculated on the basis of free acid 
~ +0.76° X 100 ? 
° . [= + 19.67° 
[a] 1 X 3.862 om 


The substance analyzed as follows: 


0.1000 gm. substance: 0.0592 gm. K.SO, (for K). 


0.2000 “ “ : 0.1660 “ BaSQO, (‘‘S). 
C,H,O;K.8-H.0. Calculated. K 26.78, S 10.96. 
Found. ** 26.58, ‘* 11.40. 


d-Xanthosuccinmonoamide. 


The J-bromosuccinmonoamide was prepared according to 
Walden’s directions.2, The bromo compound showed a rotation 
of [a]; = —65°. 20 gm. of this substance were dissolved in 
100 ce. of water, cooled to —5°C., and neutralized with. 5.41 gm. 
of sodium carbonate. 16.32 gm. of potassium xanthate were then 
added. The mixture was then allowed to stand for 6 days at 0°C. 
A few drops of hydrochloric acid were then added, filtered, and the 
filtrate was treated with 20 ce. of concentrated hydrochloric acid. 
An oil separated, which crystallized on cooling. It was recrys- 
tallized from water and dried. In this state of purity, it melted 
at 138°C. and showed an optical rotation of 

+ 3.23° X 100 


» 100 _ ‘ 
=" tnes +e 





The substance analyzed as follows: 


0.2000 gm. substance: (Kjeldahl) 8.15 ce. 0.1 n HCl. 
C;HnO.NS:. Calculated. N 5.9. 
Found. ** §.70. 





2 Walden, P., Ber. chem. Ges., 1895, xxviii, 2770. 








The 


A lit 
addi 
towa 
an a 
until 
was | 
was 
preci 
in a 

In 


Ca 








P. A. Levene and L. A. Mikeska 


d-T hiosuccinmonoamide. 















10 gm. of the above xantho derivative were dissolved in 100 cc. 
of absolute alcohol, cooled to —5°C., and treated with 28 ce. 
of concentrated aqueous ammonia. ,The mixture was allowed 
to stand at 0°C. for 4 days. Most of the solvent was then re- 
moved under reduced pressure. The residue was rendered 
alkaline with ammonia and the thioxanthogenamide was re- 
moved by extraction with ether. The residue was treated with 
20 ec. of concentrated hydrochloric acid. On stirring and cool- 
ing, the thioamide crystallized out. It was recrystallized from 
water. It melted at 133°C. and had an optical rotation in water 
of 


¥ 100 
= = + 59.80° 


u 


2.11 
lalo = Tx 3.528 
The substance analyzed as follows: 


0.1992 gm. substance: (Kjeldahl) 12.40 ce. 0.1 n HCl. 
C,H;O;NS. Calculated. N 9.4. 
Found. - au 


d-Barium Sulfosuccinmonoamide. 


2 gm. of d-thiosuccinamide were dissolved in 30 cc. of water. 
A little barium hydroxide was added which was followed by an 
addition of a little bromine. The solution was kept alkaline 
towards Congo red by following each addition of bromine with 
an addition of barium hydroxide solution. Bromine was added 
until it was no longer consumed. The slight excess of bromine 
was removed by the addition of a little thioamide. The solution 
was rendered neutral towards litmus and the barium salt was 
precipitated with alcohol. For purification, it was redissolved 
in a little water and reprecipitated with alcohol. 

In 10 per cent HCl, the substance rotated as follows: 


+ 0.31° X 100 


lols =a x5a0 7 + 588° 


Calculated on the basis of the free acid 


+ 0.31° x 100 
= ewe oo > REF 
[el 1x03l41 ~~* ol 
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The substance analyzed as follows: 





III 


0.2000 gm. substance: (Kjeldahl) 5.90 cc. 0.1 n HCl. 


C,H;O<NSBa. 


Calculated. 


Found. 


N 4.27. 
4.13. 
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ON NUCLEOSIDASES. 
I. GENERAL PROPERTIES. 
By P. A. LEVENE, M. YAMAGAWA, anv IONE WEBER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, May 21, 1924.) 


Nucleosidase is one of the enzymes which is concerned with the 
metabolism of nucleic acid in the organism. Its function is to 
break up nucleosides of the type 


NH;—C=N 

H H H H | | 

CH,OH—C—C—C—C——-N—C CH 

| OH OH| uc’ || | 

NH 

| N—C-—N 
L—_ Q ——_4 


into its component parts. The enzyme was discovered by Levene 
and Medigreceanu!in 1911. At that time, a detailed study of the 
properties of the enzyme was not attempted nor was it then 
attempted to isolate the enzyme in a purified condition. 

As the work on the structure of nucleic acid progressed, the 
conviction was reached that certain details of the structure are 
not accessible to purely chemical analysis and that they may be 
elucidated through the action of enzymes. Chemical hydrolytic 
agents are much less discriminating than enzymes. This thought 
led to the attempt to obtain more detailed knowledge of the con- 
ditions of optimal action of the entire group of enzymes concerned 
in the organism with the breaking down of the molecule of the 
nucleic acids. 

In the course of the work, some intrusions were made into the 
dynamics of the enzyme action. These intrusions, however, were 


1 Levene, P. A., and Medigreceanu, F., J. Biol. Chem., 1911, ix, 65. 
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incidental and were made largely with a view of working out a 
method of standardizing the purity of the material. 

The first study of a new enzyme naturally must have the charac- 
ter of a general survey of all conditions affecting its activity, 
leaving the fundamental analysis of each factor to special investi- 
gations. Efforts were first directed towards the analysis of the 
action of hydrogen ion concentration and of the temperature on 
the rate of action of the enzyme. After these were established, an 
attempt was made to analyze the influence of the products of 
hydrolysis; namely, of ribose and of adenine (adenosin was used 
as the substrate in all experiments). With this information on 
hand, the analysis of the influence of variations in the concen- 
tration of enzyme and of the variation in the concentration of the 
substrate on the course of reaction was undertaken. 

Fig. 2, expressing the influence of the hydrogen ion concentra- 
tion, resembles similar curves for other enzymes. The analysis 
of it will be deferred to another place. It will be mentioned here 
that it reaches a maximum at pH 7.5. 

The optimal temperature was found at 37°C. (Fig. 3). In this 
connection, it may be mentioned that an irreversible inactivation 
of the enzyme takes place even at much lower temperatures. 

Each component of adenosin, namely ribose and adenine, exerts 
a retarding influence on the progress of the reaction. 

The influence of the concentration of the enzyme and of the 
substrate was analyzed in greater detail for the reason that the 
results of these experiments were to serve as guiding points to 
future work. 

The basic assumption made in planning this experiment was that 
after a certain concentration of the enzyme is reached such that 
the proportion of enzyme is very large in relation to that of the 
substrate, then a further increase in the concentration of enzyme 
will remain without effect on the progress of the reaction. 

This expectation was realized. Parallel experiments were 
made on three different concentrations of substrate. After the 
concentration of the enzyme reached 1.50 gm. of the crude enzyme 
per 100cc. of the solution, afurther increase of the enzyme remained 
without effect. With the enzyme on hand, the limit was reached 
very rapidly after a sixfold increase in its original concentration. 
The reason may lie in the fact that the enzyme contained alarge 
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proportion of inhibiting substances. This was to be expected 
since the enzyme contained all that is contained in the organ 
plasma. 

A second assumption was made to the effect that in the presence 
of a large excess of enzyme, when its concentration may be 
regarded constant during the entire course of the reaction, the 
velocity of reaction should be independent of the concentration 
of the substrate. Indeed, Table I shows that this expectation 
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was realized. The velocity of reaction remained constant in con- 
centrations of the substrate from 0.050 to 0.500 and 1.5 gm. of 
enzyme per 100 cc. of solution. 

From this observation another conclusion naturally followed; 
namely, when the concentration of the substrate did not exceed 
0.5 gm. per 100 cc. and when the enzyme was present in a suffi- 
cient excess, then the velocity of the reaction should follow the 
mass law in its monomolecular form. As seen from Table II and 
Fig. 1, this expectation was also realized. 
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At this phase of the work the question naturally presented itself 
as to the cause of the course of the reaction at those intervals 
when it deviates from the monomolecular law. In fact, the latter 
is of more frequent occurrence than a sustained monomolecular 
course. Two fundamental assumptions had been considered 
in order to explain the phenomenon. The first and earliest was 
that the active molecule undergoing decomposition was the com- 
plex substrate-enzyme* and hence the course of the reaction was a 
function of the concentration of that complex. The other pos- 
tulated that the reaction was dependent upon the concentration 
of the free catalyst and that the drop in the velocity of the reaction 
was due to a drop in the concentration of the free catalyst owing to 
a complex formation between enzyme and the products of 
hydrolysis.*~® 

It seemed to us that the two alternative assumptions might be 
tested in the following way. 

If the second assumption is correct, then it is justifiable to assume 
that the ratios of the K obtained at different intervals (when the 
curve follows the mass law for the early intervals) are proportional 
to the concentrations of the free enzyme. If that assumption is 
correct, then the dissociation constant of the complex enzyme- 
inhibitor, calculated from the data of each interval, should have a 
constant value. The relationship between free enzyme and the 
complex enzyme-inhibitor is expressed in the following way: 


(free enzyme) (free inhibitor) 
= constant 





(enzyme-inhibitor) 


Taking E; = free enzyme; E, = total enzyme; FE; — E; = 
combined enzyme = combined inhibitor; J = total inhibitor; and 


2 Henri, V., Z. physik. Chem., 1902, xxxix, 194. 
3 Van Slyke, D. D., and Cullen, G. E., J. Biol. Chem., 1914, xix, 141. 
4 Arrhenius, 8., Immunochemistry, New York, 1907. (See also Euler, H., 
Chemie der Enzyme, Miinchen and Wiesbaden, 1920. 
5 von Euler, H., and Svanberg, O., Fermentforsch., 1919-20, iii, 330. 
6 Northrop, J. H., J. Gen. Physiol., 1919-20, ii, 471. 
7 Northrop, J. H., J. Gen Physiol., 1921-22, iv, 245. 
8 von Euler, H., and Svanberg, O., Fermentforsch., 1920-21, iv, 29. 
® Northrop, J. H., J. Gen. Physiol., 1921-22, iv, 487. 
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I — (E,; — E;) = free inhibitor, then the following expression is 
obtained 


E, (I — E,+ Ey) _ 


K 
E,—£, (1) 


lf the curve of the rate of hydrolysis with relation to the change 
of concentration of the substrate or with relation to time (original 
concentration being constant) is a function of the concentration of 
the complex enzyme-inhibitor, then equation (1) must be fulfilled. 


‘Taking the results of Table I and the concentrations of the free 


enzyme to be proportional to the values of K,, then the value of 
E; is given for each concentration by the value of the ratio of the 
initial K to the value of K for that period. The value for E, 
during the interval when K remains constant is taken as 100. 
I is taken to be a multiple of ribose formed during the hydrolysis. 
Since it was found that inhibitory action of ribose was twice as 
powerful as that of the base, the value of ribose was multiplied by 
the factor 1.5. Thus J = ribose X 1.5; E; = 100; and E;, is 
taken from Column 5 of Table I. In this manner all data are on 
hand for the evaluation of the dissociation constant of the complex 
enzyme-inhibitor. The value was found constant as shown in 
Table I. If any other value than the one given in Column 5 is 
attributed to E;, then the value of K no longer remains constant. 

The second alternative view correlates the rate of hydrolysis 
with the concentration of the complex enzyme-substrate accord- 
ing to the expression 


(free substrate) (free enzyme) 
= constant 





(substrate-enzyme) 


It is seen at a glance that if on this assumption, the values of 
Column 5 express the proportionality of the concentration of the 
complex substrate-enzyme, then the values of Column 6 will 
not be constant but progressively increasing. 

Finally, there is a possibility of the substrate acting as an inhi- 
bitor. In that case again, the rate of reaction should be propor- 
tional to the concentration of the free enzyme and then the follow- 
ing expression should hold: 


free enzyme X free substrate 





= constant 
substrate-enzyme 
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Let E,; = total enzyme, E; = free enzyme. Hence, FE, — E; 
= combined enzyme = combined substrate. Let S; = total 
substrate and S; = free substrate = S; — (E; — Ey). Hence, 


E, (Si— But Bp 


E-E, = constant (2) 


If EZ, is taken as 100, E; as given in Column 5, S; from Column 
1, calling the first value 100, the second 200, etc., then by 


equation (2) the values of Column 7 will be obtained. The values. 


of Column 7 seem less satisfactory than those of Column 6. 

Thus it seems from the results of Table I, which represents one 
of five practically identical results, that the more acceptable the- 
ory is that the rate of action of an enzyme is proportional to the 
concentration of the free enzyme. Hence, whien conditions are 
chosen such that the concentration of the enzyme is large with 
respect to the concentration of the substrate, then the rate of 
reaction with respect to time should follow the mass law in its 
monomolecular form. This, as already mentioned, was actually 
realized in the experiment recorded in Table II. 

In Table III an experiment is recorded in which the proportions 
of enzyme to substrate were such that during the initial intervals 
the reaction seemed to follow the mass law and later dropped. 
Assuming that in these experiments also the deviation from the 
normal course was due to the change in concentration of the free 
enzyme, it should be possible to determine the constant of disso- 
ciation of the complex enzyme-inhibitor. The value, however, is 
not the same as obtained from experiments recorded in Table 
I. The discrepancy may be due to the fact that the concentra- 
tions of the inhibitor forming in the enzymes were different in 
the two sets of experiments, some of the inhibitors having their 
origin in other substances than the nucleoside. 

It was therefore realized that a more detailed study of the dy- 
namics of the action of the enzyme nucleosidase has to be deferred 
until a time when the enzyme will be obtained in a state of greater 
purity. Thus, both for the practical application and for the 
theory of the action of the enzyme, it was necessary to direct the 
efforts towards the purification of the enzyme. 
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TABLE I. 
Showing the Influence of Concentration of the Substrate on the Progress of 
Hydrolysis. 
The quantity of enzyme was constant. ¢ = 2 hours. 
This table is only one record of several practically identical experiments. 



































1 2 3 7 5 6 7 
‘ , 1 a 
Adenosin in Sugar in Sugar — log —- : : 
a | ce ae) hameaes m ” 
mg. per : mg. per aa Sere enc c) os eee 7 
100 cc. 100 cc. 100 ce. 
50 27 5 7.2 100 
100 54 10 7.2 100 
250 135 25 7.3 100 
500 270 48 7.0 100 
1,000 540 74 5.4 75 258 5,925 
1,500 810 102 4.9 68 257 6,307 
2,000 1,080 128 4.6 63.8 274 6,985 
4,000 2,160 180 3.1 43.0 253 5,992 
TABLE II. 


Experiment 4. 
This table represents one of several similar experiments. Liquid extract 
was used. The concentration of adenosin was 0.5 per cent. 

















* . a - 
Time (é). | Sugar liberated (z). | log (+) } 0.4343 K X (10) 
min. mg. | per cent | 
60 0.26 } 13.5 | 0.0643 11 
120 0.53 28 | 0.140 11 
180 0.80 | 42 | 0.235 | 13 
240 0.9% | 50 0.303 13 
300 1.13 59 0.399 13 
360 1,24 | 65 0.455 13 








@=1.91. 
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TABLE III. 
" Experiments 1 and 2. 


Concentration of adenosin = 0.5 per cent. 
Powdered kidney enzyme was used in this experiment. 




















Time). | inernteat (2). | 8 (5) loasis.K. x (109) Ki Ks 
min. ~| mg. | 
30 0.22 0.015 5.0 100 
60 0.42 | 0.030 | 49 100 
120 0.52 | 0.037 | 3.1 62 65 
150 | «= (0.61 | 0.044 2.9 58 68 
130 6 | «60.64 | (0.086 2.6 52 52 
210 3| O.71 | 0.051 | 2.4 48 50 
a = 6.373. 
EXPERIMENTAL. 


Preparation of Enzyme.—In the earlier part of the work the 
enzyme was prepared in solid form. It was readily soluble in the 
buffer solution. This form of enzyme seemed advantageous since 
it permitted the preparation of sufficient material for a large 
number of experiments. The details of the preparation of the 
enzyme were as follows: 

Preparation of Solid Nucleosidase from Spleen——The minced 
organs were extracted with 10 per cent NaCl solution, and the juice 
was expressed with hydraulic pressure. The juice was concentrated 
in vacuum to a thick syrup, when it was transferred to a vacuum 
desiccator and maintained under diminished pressure until the 
material was dry. It was scraped from the sides of the desic- 
cator and ground in a mortar to a fine powder. This method of 
drying facilitated the recovery of the dried material, which was 
brittle and adhered tenaciously to the walls of the desiccator. 

Preparation of Solid Nucleosidase from Kidney.—The nucleosi- 
dase used in Experiments 1 and 2 was prepared as follows: The 
minced organs were extracted with Sérenson’s phosphate buffer 
solution (pH 7.0) for an hour at room temperature. The juice was 
expressed with hydraulic pressure and concentrated in vacuum to 
a volume of 200 cc. This juice was poured slowly into 10 liters of 
dry acetone with constant stirring. After the precipitate had 
settled and the acetone syphoned off, another 10 liters of dry ace- 
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tone were added and stirred thoroughly. After the precipitate 
had settled, the acetone was again syphoned off and the precipitate 
filtered on a Biichner funnel and dried in a vacuum desiccator. 
The activity and other properties of this material did not differ 
from those prepared by the first process. 

It was later discovered that the enzyme prepared in this manner 
did not retain its original activity for a great length of time. 
As a rule, even the fresh material dissolved to the original volume 
did not possess the original activity. Hence, the later experiments 
were carried out by the liquid extract prepared in the following way. 

The liquid extract was prepared by extracting 2.5 kilos of hashed 
kidneys with 1 liter of Sérenson’s phosphate buffer solution (pH 
7.0) for 1 hour at room temperature. The juice was expressed 
with hydraulic pressure and used immediately. 

General Procedure.— The progress of hydrolysis of adenosin was 
measured by the amount of ribose liberated at given intervals. 
However, the second reaction product, adenine, interferes with 
the sugar estimation by the reduction method. The polarimetric 
method could not be used successfully because the solution of the 
enzyme was too opaque to permit an accurate reading. Hence it 
was necessary to devise a method for the removal of adenine from 
the solution prior to the sugar estimation. This was accomplished 
by means of phosphotungstic acid. In experiments where the 
adenosin concentration was not very low, the method gave 
satisfactory results. Later, however, when the experiments were 
performed with very dilute solutions, the method failed. The 
precipitation of the adenine with a saturated solution of mercuric 
acetate was then resorted to. 

General Procedure in the Experiments with the Solid Enzyme.— 
0.5 gm. of the dry enzyme from spleen and 0.15 gm. of adenosin 
were dissolved in 25 cc. of Sérenson’s phosphate buffer solution. 
Toluene was used as a preservative. After the solution had been 
maintained at the indicated temperature for the desired period of 
time, it was washed into a 150 ec. volumetric flask, phosphotungs- 
tic acid was added to precipitate the adenine, and the mixture 
made up to standard volume with distilled water. After allow- 
ing the precipitate to settle Overnight in the refrigerator, it was 
filtered off and the sugar in 60 ce. portions of the filtrate was 
determined by reduction with Fehling’s solution. The figures 
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given in the table were calculated on the basis of 1 gm. of adenosin. 
In all experiments, (save those aiming to test the influence of 
pH), the pH was adjusted to 7.5 by means of the phosphate buffer 
solution. The sugar was estimated by the method of Griesbach 
and Strassner.'” 

All experiments save those reported in Tables II and III were 
performed by this procedure. 

Procedure of Experiments Summarized in Table II.—0.75 gm. 
of adenosin was dissolved in 5 cc. of Sérenson’s phosphate buffer 
solution (2/15 molar, pH 7.5), and added to 145 cc. of the liquid 
kidney extract. The adenosin was omitied for the control. Both 

‘ were preserved with toluene, and digested for the indicated time 
intervals at 37°C., 15 ec. samples were pipetted into 200 cc. 
volumetric flasks, the adenine was precipitated with mercuric 
acetate, and the solution made up to standard volume. The 
sugar present was determined by the micro method of Shaffer and 
Hartmann." 

Procedure of Experiments Summarized in Table III.—24 gm. of 
kidney enzyme and 3 gm. of adenosin were dissolved in 600 cc. 
of Sérenson’s phosphate buffer solution (pH 7.5). For the control, 
the same amounts of the enzyme and phosphate solution were 
taken, the adenosin being omitted. Both were preserved with a 
small amount of toluene and digested for the indicated time 
intervals at 37°C. 

25 cc. portions were pipetted into 100 cc. volumetric flasks, 30 
ec. of saturated mercuric acetate added, and the solution was 
made up to standard volume. All were allowed to stand in the 
refrigerator for 2 hours when the adenine was filtered off and the 
mercury in the filtrate precipitated with H.S. After filtering, the 
solutions were brought to a pH of 7.0 by adding solid Na,CQOs. 
For analysis 10 cc. portions were taken. The sugar was deter- 
mined by the micro method of Shaffer and Hartmann." 

Influence of pH Values.—The experiments were performed with 
the dry enzyme. The phosphate buffer solution was adjusted to 
the indicated pH values and the digestion in all experiments inter- 
rupted in 4 hours. The results are summarized in Table IV and 
Fig. 2. ; 

10 Griesbach, W., and Strassner, H., Z. physiol. Chem., 1913, lxxxviii, 199. 

11 Shaffer, P. A., and Hartmann, A. F., J. Biol. Chem., 1920-21, xlv, 378. 
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It is seen from Table IV and Fig. 2 that the optimum action lies 
at 7.5. There is a much sharper maximum than the one found for 
the optimum of action of many other enzymes. In view of the 
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TABLE IV. 


Action at Different pH Values as Indicated. T = 42°. 














pH Glucose in 25 ce. | Glucose per gm. adenosin 
. -, «ae. (On, -~— 

5.0 32 107 

5.5 35 117 

6.0 38 127 

6.5 45 | 150 

7.0 51 170 

7.5 | 57 | 190 , 

8.0 47 | 157 





fact that adenosin, which is a glycoside of ribose with a weak base, 
possesses amphoteric properties, it is not possible to interpret the 
significance of the curve of Fig. 2 at the present moment. An 
adequate interpretation will be presented in a later publication. 
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Influence of Temperature—The experiments in this direction 
have only the character of orientation experiments. They were 
not planned with a view of establishing the temperature coefficient 
of the action of the enzyme. As will be seen from experiments 
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TABLE V. 


Each sample was digested for 4 hours at the temperatures indicated. 











Ribose liberated per gm. 








Temperature. NaeS20s corrected for control. adenosin (corrected). 

= ec mg. 

28 3.2 174 
37 3.9 215 
42 3.7 203 
50 | 2.3 125 
55 1.2 66 
60 | 1.2 66 
65 1.0 55 











discussed in a later publication, the enzyme used in these experi- 
ments was undergoing spontaneous inactivation even at the tem- 
perature of 37°C. Experiments on the temperature coefficient 
will have to be postponed until a method for the purification of 
the enzyme is discovered. In Table V and Fig. 3 the milligrams of 
liberated ribose are plotted against the temperature values. 
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From the table and curve it is apparent that tempera 
its optimum at 37°C. (at the optimal pH 7.5). 

Influence of Concentration of Enzyme.— These were planned with 
a view of obtaining the information required for planning the 


TABLE VI. 


The usual procedure was followed in these experiments with the excep- 
tion of the concentration of enzyme. 





Ribose liberated (per gm. of adenosin). 





Enzyme per 100 ce. 











| 

| 

0.05 gm. adenosin. | 0.10 gm. adenosin. | 0.30 gm. adenosin. 

mg. mg. mg. mg. 
0.25 310 214 100 
0.50 465 366 
1.00 516 410 265 
1.50 534 | 427 368 
2.00 534 427 380 
2.50 534 427 
TABLE VII. 


Average of two experiments. 


NazS:Os corrected | 7 o¢1 ribose. | Ribose liberated 

















Ribose added. for control. from adenosin. | Difference. 
mg. cc. : mg | mg. my. 
None. 3.8 | 50 50 
15 4.5 61 46 —4 
30 5.5 | 74 “4 | -6 
60 7.5 101 41 —9 
TABLE VIII. 
Average of two experiments. 
Adenine added. ae Ribose liberated. Difference. 
mg. cc. mg. mg. 
None. 3.80 50 
13.5 3.75 49 a | 
27.0 3.60 47 —3 
54.0 3.40 45 —5 














experiments reported in Tables I, II, and III. From Table VI 
it seems as if, after a certain concentration of the enzyme has been 
reached, a further increase in its concentration does not increase 
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the rate of hydrolysis. However, this result may be due to the 
great impurity of the enzyme. A more systematic study into the 
influence of concentration of enzyme will be undertaken after a 
method is found for its purification. 

Influence of the Presence of Ribose-—The only variation from 
the general method was the addition of the indicated amounts of 
ribose before digestion. All samples were digested for 6 hours at 
37°C. 

Influence of Presence of Adenine.— The only variation from the 
general method was the addition of the indicated amounts of 
adenine hydrochloride before digestion. All samples were digested 
for 6 hours at 37°C. 
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ON NUCLEOSIDASES. 
II. PURIFICATION OF THE ENZYME. 


By P. A. LEVENE anv IONE WEBER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, May 21, 1924.) 


The conclusion reached in the preceding paper was that even 
with crude nucleosidase, one can select such conditions under 
which the hydrolysis of the nucleoside will follow the mass law. 
On the other hand, the crude material seemed to contain a large 
proportion of inhibitory substances so that it was not possible 
to demonstrate a direct proportionality between the concentra- 
tion of the enzyme and the rate of hydrolysis. The results then 
obtained, however, indicated that with enzyme in a greater de- 
gree of purity, one should have less difficulty in adjusting the 
concentration of enzyme to substrate in such a manner that the 
rate of reacticn would follow the mass law and, further, that the 
constants of hydrolysis would be directly proportional to the 
concentrations of enzyme. 

These considerations led to work on purification of the en- 
zyme. Unusual difficulties were encountered and the material 
obtained thus far is still very crude. Yet unmistakable evidence 
was obtained that the plasma of organs contains substances 
which act in the sense of inhibitors of the tissue enzymes and by 
fractional precipitation with colloidal iron, these inhibitory sub- 
stances can to a certain degree be removed. 

Furthermore, it was actually found that with the purer mate- 
rial, it is easier to adjust concentration of the enzyme with re- 
spect to the substrate in such a manner that the rate of reaction 
follows the mass law and that the constants of reaction seem to 
be proportional to the concentrations of the enzyme. 

There is a tendency by many writers to associate catalytic 
action in living cells with surface action. A point of interest 
which was brought out in the course of the work is the following. 
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In the case of our enzyme it was observed that certain ad- 
sorbents kept the enzyme so firmly fixed that the latter could 
not be extracted by water or aqueous solutions of salts at dif- 
ferent hydrogen ion concentrations. These solid suspensions of 
adsorbents containing enzyme were as active as solutions of the 
same enzyme. Thus it is obvious that enzymes may be so 
orientated on solid surfaces as to be active. From this possibility, 
however, it does not follow that they act only on surfaces. 


TABLE I. 
Time Experiment Using Na:H PO, Extract Concentrated to Minimum Volume. 
Used this concentration for No. 1 and one-half concentration for No. 2 
40°C. ; 0.5 per cent adenosin. 




















; No. 1. | No. 2. 
Time. ; 
Change. | Activity. | K | Change. Activity. K 
z hrs. | | per cent per cent 
10 0.08 | 16 0.00758 | 0.04 8 0.00362 
1 | 0.11 | 22 | 0.00726 | 0.06 12 | 0.00370 
20 | 0.14 | 30 | 0.00713] 0.08 16 0.00327 
NR nc cerineiiniccatesss | 0.00732 | 0.00353 
TABLE II. 
Pancreas 8. 


10-10* filtrate concentrated to } volume for the following experiment. 
4 and } of this final concentration were used. 30°C. 

















Two-thirds concentration. | One-third concentration. 
Time. |— eer ome snot ao 
| Reading | Activity. | . | Activity | K 
. min. | per cent : per cent 
30 | 0.12 | 24 | 0.0040 | 0.07 | 14 | 0.0022 
80 0.28 | 56 0.0044 0.20 | 40 | 0.0027 
135 0.38 | 76 | 0.008 | 0.27 | 54 | 0.0025 








*10 per cent dialyzed iron plus 10 per cent alcohol. 


Tt must be added, however, that on employing apparently the 
same procedure, one obtains a fair degree of purification in one 
experiment and nearly complete inactivation in another. How- 
ever, in all experiments, an increase in potency is obtained when 
certain inhibitory substances are removed by means of dialyzed 
iron and alcohol. 
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EXPERIMENTAL. 
Extraction of the Enzyme. 


The enzyme used in the earlier experiments was prepared by 
concentrating the plasma of fresh organs under diminished pres- 
sure. Frequently, it was found that the dry material prepared 
in this manner was not completely soluble in water. In such 
cases, a large proportion of the enzyme remained adherent to 
the insoluble part and thus was practically lost. In the course 
of the present work, an extract was used instead of the plasma. 
5 pounds of organs were washed free of blood, ground, and ex- 
tracted with 4 liters of 2 m/15 Sérenson’s phosphate solution. 
The optimum pH for this extraction was found to be 7.0. in 
the case of the kidneys it was further found that a more active 
extract was obtained when the organs were allowed to autolyze 
for 24 hours at 40°C., and, after filtering through cheese-cloth, 
digesting the juice for 24 hours longer at 40°C. In the case of 
the pancreas, the extract was inactivated during the second 
period and consequently only the first autolysis was used. 


Purification of the Extract. 


For purification of the enzyme, the adsorption method was 
employed. As adsorbents the following substances were tested: 
cholesterol, stearic acid, kaolin, aluminum hydroxide (Al(OH)s), 
and colloidal iron. 

Cholesterol and stearic acid were added in concentrated acetone 
solution. On dilution of the acetone with aqueous extract, the 
cholesterol or the fatty acid gathered on the surface of the solu- 
tion and could be filtered off. All the active material remained 
in solution. Aluminum hydroxide samples designated by Will- 
stitter and Kraut! as A and B were prepared following the 
directions of these authors, but neither of these samples adsorbed 
the active principle at pH 7.0. Kaolin was found a very power- 
ful adsorbent but it was difficult to reextract the enzyme from 
the adsorbent. t 

Thus, when 1 per cent (by weight) of kaolin was shaken 15 
minutes with the enzyme, 12 per cent of the total enzyme content 


1 Willstatter, R., and Kraut, H., Ber. chem. Ges., 1923, lvi, 149. 











710 Nucleosidases. II 





































was left in solution, and 3 per cent of kaolin adsorbed all the 
active material. It was found that only in the marked acid, or 
in the marked alkaline regions, could the active principle be re- 
extracted. Thus, at pH 4.0 and 8.0 the active principle. was 
extracted to the extent of 20 per cent in each case. When the 
kaolin was extracted with sulfuric acid at pH 4.0 and the sul- 
furic acid removed with barium hydroxide, the barium sulfate 
carried down all the active principle. 

Most successful was the purification with dialyzed iron and 
alcohol. By fractional precipitation by means of dialyzed iron 
and alcohol, it was possible first to remove certain of the in- 
hibiting substances, so that the filtrate had a higher potency 
than the original solution, and by further addition of iron and 
alcohol, all the active material was precipitated. The iron and 
alcohol required to remove the inhibiting substances from in- 
dividual extracts differed only within narrow limits. As is seen 
from the tables, the inhibitory substances were removed when 
20 per cent (by volume) of iron solution and 20 per cent of al- 
cohol were added to the extract. From the filtrate obtained in 
this manner a further addition of 40 per cent of iron solution 
and 10 per cent of 95 per cent alcohol (4.0 cc. of iron and 1 cc. 
of alcohol to 10 cc. of the filtrate) precipitated all active material. 


Extraction of the Enzyme from the Iron Precipitate. 


The enzyme adsorbed by dialyzed iron adheres to it very 
tenaciously. Water and aqueous solutions of glycerol (0.1 per 
cent), a solution of adenosin (0.5 per cent), and monopotassium 
phosphate at pH 4.4 failed to reextract the enzyme. The en- 
zyme was extracted successfully by means of disodium phosphate 
at pH 8.76 or by sodium hydroxide at the same pH. It was 
sufficient to suspend the iron precipitate in the solution of the 
disodium phosphate or of sodium hydroxide at pH 8.76 for 30 
minutes and to repeat the operation once in order to extract all 
the enzyme. 


Preparation of a Solid Enzyme. 


The extracts from the iron precipitate after neutralization can 
be concentrated to a small volume under reduced pressure, the 





fro 











. TABLE III. 
Fractionation of Enzyme Extract (from Kidneys with Sérenson’s Phosphate 
Buffer Solution at pH 7.0) Using Dialyzed Iron and Alcohol. 
Determination of maximum with first precipitation on original extract 
from organs: 
Enzyme 1. 3 hours at 40°; 0.5 per cent adenosin; by reduction. 




















No. Fe Alcohol. Activity. 
7 | eo au 

| per cent 
1 10 10 22.1 
2 15 10 23.2 
3 20 10 33.3 
+ 25 10 31.1 
5 | 10 20 | 30.1 
6 15 20 31.4 
7 | 20 20 45.3 
8 | 25 20 38.0 
9 | 25 0 28.7 

TABLE IV. 


Determination of Amount of Iron and Alcohol Necessary to Precipitate All 
Active Material from Filtrate of Maximum Activity (See above 20-20*). 


Enzyme 1. 4 hours at 40°; 0.5 per cent adenosin; by reduction. 











No. Fe Alcohol. Activity. 
| per cent 
1 10 10 14.4 
2 20 10 8.6 
3 30 10 6.6 
+ 40 10 0 





*20 per cent dialyzed iron plus 20 per cent alcohol. 


TABLE V. 
Na.HPO, Extract of Iron-Alcohol Precipitate. 





per cent 
1 | Before concentration. | 20 
2° | After concentration to $ volume + diluted 1:2. 44 

| Calculated on original. 18 





3,500 cc. concentrated to 4 volume in presence of 5 per cent glycerol 
(end-concentration); diluted 1:2 and run 5 hours at 40°C.; 0.5 per cent 
adenosin. 











my | per cent 
1 Original. ; 26 
2 Concentrated 1:2; diluted 1:2. 26 
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temperature of the water bath not exceeding 35°C. It was pos- 
sible to concentrate the solution of one-fifth of its original value 
maintaining the full original activity. 

From such solutions the enzyme can be precipitated by a large 
excess of dry acetone. The precipitate was rapidly filtered on 
suction and dried under diminished pressure over sulfuric acid 
or calcium chloride. The dry precipitate obtained in this man- 
ner contained practically all the active material of the extract 
and maintained its potency for more than 10 months when the 
last portion of the material was used up. 


Attempts at Further Purification of the Dry Enzyme. 


The precipitated enzyme was still a very crude product. It 
sometimes contained as high as 76 per cent of ash, and the first 
task was to remove the inorganic impurities. By dialysis this 


TABLE VI. 
Na:HPO, Extract of the Iron-Alcohol Precipitate Was Concentrated and 
Precipitated in Acetone. 
15 hours at 40°C.; 0.5 per cent adenosin. 





| per cent 
1 Original extract. 100 
“¥ Concentrated to ;'5 volume, made to No. 1. 80 
3 Precipitated in acetone (made up to No. 1). 88 





could not be accomplished since in the course of dialysis, the 
activity of the original solution was entirely lost. Whether the 
loss was due to dialysis of the enzyme or to its inactivation is 
for the present uncertain. 

The dialyses in collodion sacs made with a solution contain- 
ing 60 cc. of ether, 30 cc. of 95 per cent alcohol, 10 ce. of glacial 
acetic acid, and 8 per cent of Dupont’s “parloidin” and clamped 
with Hofman-frame-one-piece screw clamps were carried out 
with 5 per cent enzyme against distilled water and against a 4 
per cent solution of mannitol. In both cases the contents of the 
bag lost 60 to 100 per cent of the active material after dialyzing 
for 24 hours. When less permeable bags were made after Brown 
the phosphate failed to dialyze. 

Fractional precipitation was unsuccessful. When an attempt 
was made to precipitate the phosphate by lowering the tempera- 
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ture the enzyme was adsorbed by the crystalline inorganic pre- 
cipitate. An attempt was then made to precipitate the 
organic portion of the crude material by bringing the solution 
to a definite hydrogen ion concentration. On séveral occasions 
tae procedure was successful and a substance was obtained which 
contained but 8 per cent of ash and possessed a high degree of 
activity. It settled out as a flocculent, readily filterable pre- 
cipitate at pH 1.2. 

The precipitate obtained in this manner gave a pink biuret 
test; no distinct Millon test; and did not reduce Fehling’s solu- 
tion either before or after hydrolysis. 


Preparation of Enzyme by Precipitating Phosphate Enzyme Solu- 
tion at pH 1.2. 


20 gm. of Enzyme 19 were dissolved in 200 cc. of water and 
brought down to pH 1.2 with 1:5 HCl. Centrifuged, washed 
in acetone, dry ether; dried in vacuum. Yield 1.7252 gm. 


Test of Activity. 


14 hours at 40°C. ; 0.5 per cent adenosin. 
Series 3, No. 1; 0.1 gm. of end-concentration, 100 per cent activity. 


Activity of Kaolin and Iron-Alcohol Precipitates. 


As noted above, difficulty was encountered in extracting the 
active material from the kaolin precipitate. That the enzyme 
had not become inactivated was proved by shaking the kaolin 
precipitate with adenosin for 15 hours at 40°C. The control 
contained the same amount of kaolin and adenosin. No aden- 
osin was adsorbed’by the kaolin alone, but the enzyme adsorbed 
on the kaolin exerted all its original activity. 

In the case of the iron-alcohol precipitate, it was found that the 
adenosin could be split by the addition of a water suspension of 
the iron-alcohol precipitate although an aqueous extract was in- 
active. By way of control, the iron-alcohol precipitate was ex- 
tracted with adenosin solution, but none was adsorbed. 
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Analysis of the Solid Enzyme. 


It was realized that the material was so crude that the elemen- 
tary composition of it could give no indication as to the actual 
composition of the enzyme, yet it was of interest in order to 
obtain some idea as to the variation in the composition of in- 
dividual samples. The striking feature of the analytical data 
is the high nitrogen content of the material which harmonizes 
with the failure to obtain positive carbohydrate tests on the 
material. It is also noteworthy that the material containing 
76 per cent of ash and the samples with 8 per cent of ash, when 
calculated on the ash-free basis, possess a nearly constant ele- 
mentary composition. 


TABLE VII. 











Analyses. 
Calculated on ash-free basis. | 7 
P ye Activity 
| in 15 hrs. 
N 7 ete | 
a — SS OS eee 


Series 3, No. 1*..| 20.87| | 6.35 | 45.05| 8.93; 200.0 | 100 

PO, No. 13..../T16.91 | pron hg 
I 16.85 | 11.63| 2.66 | 9.49 | 40.32 76.71) 229.0 22 
2...| 7.72 |12.63| 3.13 | 5.37 | 42.86 50.55) 18.4 
2.72 | 9.35 | 49.76 60.55 500.0 | 


| | j m). | per cent 
| 
| 





NaOH, No. 2 
_ “« 65...) 6.61 | 14.12 





bo bo 
cr or 





*Material precipitated by adding HCl to pH 1.2 to phosphate enzyme. 


Resistance to Acid and Alkalies. 


It is characteristic of nearly all the specifically active sub- 
stances obtained from animal tissues that they are more resistant 
to acids than to alkalies. It was, therefore, very surprising to 
find that nucleosidase is more stable in alkalies than in acid. 
It must be added that the results obtained with acids are not 
quite consistent. In one experiment, on standing for 2 hours 
at pH 1.2, the precipitate retained the potency of the original 
solution; in a second experiment, all the activity was destroyed. 
On the other hand, a solution standing for 2 hours at pH 10.08 
maintained its original potency. 








hou 
40°C 
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Resistance of Nucleosidase to Acid and Alkalies. 


Experiment 1.—Precipitation occurred at pH 1.2. 
15 hours at 40°C.; 0.5 per cent adenosin. 





| per cent 
1 10 per cent Enzyme 19. | 100 
2 1, ome... “ 19 adjusted to pH 10.08 for 2 hrs. 100 
3 mM. oF =n 19 " - ™. 2" 

| (filtrate). 0 
4 Precipitate from No. 3. 100 





Experiment 2—Enzyme (23 + 24) 4 gm. adjusted to pH 1.5, let stand 2 
hours, made up to 100 cc., adjusted another sample to 2.0. 15 hours at 
40°C.; 0.5 per cent adenosin. 





| 


per 


1 Original enzyme in same concentration. 80 
2 Sample at pH 1.5. 0 
3 ™ - Se 6 
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ON NUCLEOSIDASES. 


Ill. THE DEGREE OF SPECIFICITY OF NUCLEOSIDASE AND THE 
DISTRIBUTION OF IT IN VARIOUS ORGANS 
AND IN VARIOUS SPECIES. 


By P. A. LEVENE anp IONE WEBER. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, May 21, 1924.) 


It was stated in the preceding papers that adenosin was the 
substrate used for testing the action of the enzyme nucleosidase. 
Adenosin was chosen because of its greater solubility as compared 
with that of other nucleosides. Even adenosin has so small a 
solubility that it renders accurate work quite difficult. On the 
other hand, a theoretical interest is attached to the question of 
the optimal hydrogen ion concentration for the hydrolysis of 
different nucleosides. As derivatives of purine bases, nucleosides 
may possess several dissociation constants depending on the 
structure of the base. Thus, adenine as an amino-purine should 
have a fairly strong basic dissociation constant. On the other 
hand, inosin may have only a weak acid dissociation constant. 
Hence, if the action of the enzyme is in some way related to the 


. degree of ionization of the nucleoside, then the optimal hydrogen 


ion concentration for adenosin should be much different from 
that of inosin. This, however, is not true, and the optimal 
hydrogen ion concentration is the same for both nucleosides. 
The analysis of the curves representing the course of reaction of 
inosin shows rather an abnormal course. There is an initial 
fall in the rate of hydrolysis which is followed by a rise. The 
initial fall is, in truth, misleading. It is brought about by the 
fact that inosin forms a complex with ribose known under the 
name of carnine, which is more insoluble at a higher hydrogen 
ion concentration. At a lower hydrogen ion concentration, 
carnine remains in solution. However, the real optimal condi- 
tion is practically the same for adenosin and for inosin. 
717 
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The other question was whether nucleosidase was, adapted to 
act only on purine, ribosides, or on purine glycosides generally. 
The answer to this question is important from the physiological 
and chemical view-points, and also from the point of view of 
usefulness of the enzyme for the work on the chemical structure 
of nucleic acids. Fortunately, in the course of other work, 
a hexoside of adenine was prepared. The sugar of this nucleoside 
is a ketohexose which seems to differ in its properties from the 
ketohexoses already known. It was found that enzymes quite 
active with regard to ribosides remained without action on the 
adenine hexoside. 

Of much interest is the action of nucleosidase on nucleic acids. 
It was hoped to use these enzymes for the preparation of that 
fragment of ‘the nucleic acid molecule which contains all the 
components of the molecule save the purine bases. Kossel and 
Neumann termed it “thymic acid.’’! There was much discussion 
as to the true chemical nature of the substance. It seemed that 
by means of nucleosidase, this substance should be readily pre- 
pared. The experiment, however, proved that the enzyme which 
was quite active with respect to nucleosides remained without 
action when tested on nucleic acid. 


Distribution of the Enzyme in the Organs of Animals of Different 
Species. 


In regard to other enzymes of the group of nucleases, it is known 


that they are distributed differently in the organs of animals of - 


different species and some of them may be entirely absent in 
certain animals. Already in the older publications of Levene 
and Medigreceanu? it was stated that nucleosidase was absent 
in the piasma of the dog’s pancreas, and from pancreatic and 
intestinal juices. The latter finding was corroborated in the 
present work. On the other hand, it was found that the pan- 
creas of cattle was a very good source of nucleasidase. This 
finding is of considerable practical importance. The purifica- 
tion of the enzyme is a very difficult process, particularly if it 


1 Kossel, A., and Neumann, A., Z. physiol. Chem., 1896-97, xxii, 74. 
2 Levene, P. A., and Medigreceanu, F., J. Biol. Chem., 1911, ix, 375. 
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such as spleen or muscle. This difficulty is not met with in thé 
case of the pancreas. 


EXPERIMENTAL. 
TABLE I. 


End-concentration: Enzyme 19 = 1 per cent; inosin 0.5 per cent; 15 
hours at 40°C. 






















pH Activity. 
| per cent 
6.0 51 
6.4 7 
6.8 31 
7.2 86 
7.6 97 
8.0 75 





TABLE II. 
To test the specificity of Enzyme 19. Substrate, adenine hexoside 
(0.5 per cent). Enzyme 19 = 0.2 gm. per 20 cc. of end-concentration. 
Experiment 1. 
22 hrs.at 40°C. 
No change. 
1 dm. tube 0.5 per cent end-reading corrected +0.07. 
Experiment 2. 
15 hrs. at 40°C. 
No change. 
1 per cent adenine hexoside +0.14. 


Dog Pancreas. 


Experiment 1.—To test the nucleosidic activity of pancreas extract. 
The pancreas excretion itself was diluted 1:2 and filtered. Run 15 
hours at 40°C.; 0.5 per cent adenosin. 

NN NINN 5.65 oo55 5 scusbheesesecasesucnenbee No activity. 

Experiment 2.—To determine whether or not the intestine contains 
material which will activate pancreatic juice. Extracted portion of dog 
duodenum and added to pancreatic juice. Run 48 hours at 40°C.; 0.5 per 
cent adenosin. 

R. DePUNUES TNEON GIGIE soo sic cscs ec snveneccsaes No activity. 
2. “ “ + extract from intestine....... ° - 

Experiment 3.—To test dog (terrier) pancreas for nucleosidase. Cut up 
dog pancreas. After washing free of blood, added phosphate solution at pH 
7.5, and digested at 40°C. overnight: 10 cc. of filtrate +10 cc. of 1 per cent 
adenosin solution were run for 12 hours at 40°C. 

Pancreas extract from dog. .....cccccssccccccccsecs No activity. 
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URIC ACID EXCRETION.* 


By ALFRED E. KOEHLER. 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison. ) 


(Received for publication, April 17, 1924.) 


The excretion of uric acid has been one of the perplexing problems 
of the physiological chemist for many years and until recently 
the views and data relating to its elimination have been as vague 
and varied as those related to the metabolism of this nitrogenous 
end-product. 

It is not the purpose of this paper to add another discussion 
to the already voluminous literature on this subject, but merely 
to present some data obtained in an attempt to contribute to 
the solving of another problem; namely, a method to determine 
renal insufficiency with a greater accuracy. 

The statement that the present renal function tests are in- 
adequate needs no elaboration. Indeed, nothing demonstrates 
this better than the number of present methods advocated and 
the continuous search for new ones. Some clinicians use one 
method, some another, none relying on any one. Many use the 
data obtained from several tests together with the results of 
blood analysis and clinical findings to form an opinion concerning 
renal damage or functional insufficiency, and then a positive 
statement can only be made after extensive damage has been 
done. It is usually believed that the reason for this is found 


*This work was begun early in 1922 at the University of Wisconsin, but 
the greater portion of it, especially on the clinical material, was done in the 
Department of Medicine, University of Minnesota, during the summer of 
1922. The author wishes to express his gratitude to Dr. George E. Fahr, 
whose kindness:and help made the work possible. The results herewith 
published were not presented earlier because of the hope to continue the 
study with a much larger number and a greater variety of patients, but 
this not having been possible, they are now presented for the value they may 
have for other workers. 
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in the large margin of safety of the normal kidney, thus one 
kidney can usually be removed without embarrassing the renal 
activity. 

At the time this work was undertaken the opinion was prev- 
alent that uric acid was one of the first substances to be re- 
tained in the blood in renal damage. It was thus believed that 
by overloading the kidney with uric acid, forcing all the renal 
tissue into activity, and then measuring the excretion of uric 
acid, a method might be obtained which would not only show slight 
degrees of renal insufficiency but would show quantitative changes 
as well. More recently the study of a large series of cases, renal 
and otherwise, by many different workers, has shown that high uric 
acid values in the blood may be completely independent of kidney 
pathology and in nephritis there may be a high retention of other 
nitrogenous constituents with substantially normal uric acid levels 
(Folin (1), Feinblatt (2)). 

It is altogether reasonable to assume that a substance suitable 
to measure excretory insufficiency on the part of the kidney 
should be one that is normally eliminated by that organ. The 
second requisite that such a substance should fulfill is failure 
of destruction in the body, in other words, the substance must 
be quantitatively recoverable after a given amount is administered. 
If a’part of it is destroyed a variable error is introduced into 
the method which may completely invalidate the results obtained. 
The low results that the phenolsulfonephthalein method gives at 
times without demonstrable renal involvement is undoubtedly due 
to this factor. Uric acid seemed to be a substance, not easily 
eliminated by the kidney, a normal product of metabolism and 
eliminated without destruction. The view that uric acid is 
not destroyed is conveyed by our modern text-books and is 
based largely upon the findings of Wiechowski (3) who showed 
in 1909 that when uric acid is injected subcutaneously nearly all 
of it reappears in the urine and upon the experiments of Schitten- 
helm (4) who demonstrated that uric acid is not destroyed when 
it is incubated with extracts of organs at body temperature. 
The findings ‘of Wiechowski are especially interesting from our 
standpoint. He injected 1 gm. of uric acid as the sodium salt 
subcutaneously and recovered 82 to 85 per cent in from 1 to 3 
days. More recently, however, results have been obtained 
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that question these findings. In 1920 Biirger (5) injected uric 
acid intravenously dissolved in 0.1 N NaOH or in 1 per cent 
piperazine in amounts of 0.5 gm. He recovered various amounts 
in the urine in the 24 hours following, ranging from 17.6 to 52.2 per 
cent. The added recovery on the following days raised these 
percentages but slightly. During the same year Griesbach 
(6) failed to recover a considerable percentage of uric acid injected 
intravenously in six out of seven cases. In one case he recovered 
more than injected. These authors from their results concluded 
uricolysis. After the work of this paper was started in 1922, 
the results of Thannhauser and Weinschenk (7) were published. 
These authors recovered from 25 to 93 per cent of the uric acid 
injected intravenously in 1 gm. amounts as the monosodium salt. 
They found that in the normals there was practically no increased 
elimination after 24 hours after injection while in individuals with 
gout the elimination was prolonged over 4 or 5 days. In one of 
their gout cases only 15 per cent of the injected amount was elim- 
inated during the 1st day which gradually rose to 81.9 per cent 
on the 4th day. These experimenters also found that the uric 
acid level in edematous tissue fluids rose quite slowly after in- 
travenous injection, 8 hours elapsing before equilibrium took 
place. 

It was deemed advisable to continue the study of elimination 
ef uric acid under high blood levels using the more accurate 
methods of uric acid estimation developed during the last few 
years in this country. 


Methods. 


The uric acid was determined in the blood, urine, and the 
solution to be injected according to the method of Benedict and 
Franke (8), using the arsenophosphotungstic acid color reagent. 
The regular Folin-Wu method of blood precipitation was modified 
according to the method of Pucher (9) who showed that the 
original technique gave only a 75 per cent recovery of added 
uric acid in blood and that heating before filtering gave a 93 per 
cent recovery. 

The uric acid used was a preparation of Merck’s and was 
precipitated twice with dilute HCl from a solution of the uric 
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acid in 0.1 Nn NaOH. After thorough washing by suspension in 
distilled water the uric acid was dried over H.SO, in a vacuum 
desiccator. 

For intravenous injection the monolithium urate was formed 
by interaction of uric acid with the proper amount of Li,CO;. This 
solution was made isotonic with glucose. The following propor- 
tions were used. 


EEE ETS SRS Oe eee ne ee 1.00 gm 
Li,CO; laid Ode aie ah 6ie- bide Ok, Rohe Ge 4 Od we abe 006408 6 eeK NOS ee 0 28 - 
TS Bc alata once Darah enna wave ak see a sowie ie Ss Aad = 
IN cic. a cite Ace Ua = Cequm se eledaganenen 100.00 cc 


This solution was made up just before use with sterile distilled 
water, boiled for exactly 2 minutes, the lost water added, and 
injected when cooled to body temperature. The reaction of 
the solution was approximately pH 7.4. The uric acid content 
was determined colorimetrically on a portion and the amount 
injected based upon this estimation. Approximately 12 mg. of 
uric acid were injected per kilo of body weight. 

The subjects were placed on a controlled amount of food in- 
take during observation based upon their usual diet for that 
period. An attempt was made to control the water intake so as to 
to be about 2,000 cc., but this was not always successful in the 
hospital wards. Upon the day of the test the morning meal was 
omitted and the injection or ingestion of the uric acid was started 
about 9.00 a.m. after a blood sample was taken. The injections 
were made by the gravity method in the vein of the forearm at the 
rate of about 10 cc. per minute. The subject received one glass of 
water at the end of the injection and one 2 hours after when an- 
other blood sample was taken. Urine samples were taken for the 
24 hours before, 1 hour after, at the end of 3 hours, and 24 hours 
after. Toluene was added as a perservative and the urine kept in 
an ice chest. 


RESULTS. 


The effect that ingested uric acid has on the blood level has 
never been clearly demonstrated and it was thought advisable 
to ascertain whether this would be a method of raising the blood 
uric acid and so adapt itself to our problem. Only a few pre- 
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liminary attempts on normals were made, the results of which are 
shown in Table I. NaHCO; was given in a few instances to insure 
solution of the uric acid in the intestine. The results show that 
the increments of increase were small if not insignificant. Only 
in one case was the increase appreciable and that was only with 
a massive dose during thorough alkalization. The results of the 


TABLE I. 
Ingestion of Uric Acid, 








Giootd oF | Excretion of uric acid in urine. 
| 1g] : ear} 
g | r 5 gs | & | a 
\s|2/§ 45/8/23 
| foe} | a | Qa > | a | = 
eee oe eS es fase Ee. ee 
hage | m2- | m9. ce | mo. | oma. 
‘ | | | 
M. G. B., male, age 22, '4.00/4. 100. 10 24 hrs. before. iL, 640) 241) 396 
weight 64.4 kg. 5 gm. 24 “ after. |1,550) 255) 405 
uric acid suspended 2nd 24 hrs. after. [1,5 520) 276) 420 


in water. | 


it 22 ia tt 3 2a 


SS | 

M. G. B., male, 10 gm. |3.904. 1510.25 24 hrs. before. _/1,590| 195| 310 

uric acid + 20 gm. | 24 “ after. ‘2,000! 199} 398 
| 























NaHCO). 2nd 24 hrs. after. |1,650 | 252! 420 
A. E. K., male, age 25, |3. 60/3. 700. 10} 24 hrs. before. il 750] 200 360 
weight 67.3 kg. 10 gm. 24 “ after. |! 980) 207| 410 
uric acid + 10 gm | | | 2nd 24 hrs. after. |1,500) 266) 400 
NaHCO, | | | | | 
ee {—— ae ee ee oe ee 
A. E. K., male. 15 gm. |3.80/4. 700.90} 24 hrs. before. |1,580) 206) 325 
uric acid + 10 gm. | | |24 “ after. '2,100| 295) 620 
NaHCO; 10 gm. = | | 2nd 24 hrs. after. |1,650) 267| 433 


NaHCO; 1 hr. before | 
and 10 gm. 1 hr. after.| | | 











urinary output were similar in nature. This method of attempting 
to increase the blood level of uric acid was therefore not adaptable 
to our problem and further studies were not made. 

Table II shows the changes in normal individuals in the 
blood level and urinary output after intravenous injection of 
uric acid. The subjects were medical students normal in every 
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respect. They were up and around doing their usual workekéept —~ 


that they rested in a recumbent position for the 2 hours following | 
injection. They differ in this respect from the subjects in the 
following observations who were all confined to their beds through- 
out the period. The rise in the blood uric acid level at the end 
of 2 hours was about 2 mg., although there was no great uniformity. 
Practically all the uric acid that could be recovered from the 
urine was eliminated during the first 24 hours following injection, 
there being no definite increase over normal the second 24 hours. 
Small changes that did occur after 24 hours fall within the error 
of day to day variation. The recovery ranged from 45.8 to 69 per 
cent. None of these subjects had any discomfort or showed any 
symptoms that might have been attributable to the injected uric 
acid. 

Table III shows the results obtained in a similar observation 
on a series of patients who did not have demonstrable renal 
disturbances. The results are similar except that the per- 
centage recovery is somewhat lower and the variation greater. 
This may merely be due to the fact that a much larger number 
of subjects were studied. 

Table IV shows the results on subjects where definite renal 
insufficiency could be demonstrated. Although the number of 
cases is altogether too small upon which to base any definite con- 
clusions, the results show a definite retention of uric acid. This 
is evident in most cases, not only by a very definite retention 
as shown by the blood level at the end of 2 hours, but also by 
the delayed elimination extending over 24 hours. Case 1 is an 
interesting example of marked retention of uric acid although 
the initial blood level was normal. No renal insufficiency was 
shown by the phenolsulfonephthalein test or by the blood chemis- 
try. Case 2 is one that probably showed no renal pathology, but 
showed an insufficiency by the uric acid test due to cardiac decom- 
pensation. Case 3, one of essential hypertension (blood pressure 
210/160), showed definite retention, but whether this was due to an 
arteriosclerotic kidney or to functional changes is difficult to tell. 
Here there were other positive findings of insufficiency. Cases 
3 and 4 were of patients with chronic nephritis, one of these, Case 
3 with marked edema, and the other without edema, yet the uric 
acid elimination was approximately the same in both. 
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Table V shows a series of cases where no renal insufficiency 


could be demonstrated, but where there was a question of possible 
functional impairment. Of this series Case 3 is interesting as a re- 
petition of Case 1,Table IV, after the acute nephritis had apparently 
cleared up. Here the blood-retention was 2.80 after the nephritis 
as compared with 6.36 during the acute stage and an elimination 
recovery of 48.4 per cent after as compared with 21.6 per cent 
for 24 hours during the attack. Case 4, a preeclamptic toxemia, 
showed a retention that pointed definitely to at least functional 
impairment of the kidney. 


DISCUSSION. 


Other workers who have injected uric acid intravenously and 
thus obtained higher blood levels have not dwelt upon the question 
of whether or not symptomatic effects were produced. Very 
probably if such effects were observed they would have been men- 
tioned. The first one of our subjects who received intravenous 
uric acid, 15 mg. per kilo of body weight, as the monolithium 
urate in distilled water, complained of a headache, had a slight 
fever, and was nauseated. This solution was not isotonic and it was 
considered a possibility that the reaction was due to hemolysis, 
so in all other injections the solution was made isotonic with 
glucose. There were no more symptomatic effects. It is diffi- 
cult to say whether tonicity was a factor here or not or whether 
the one case was merely accidental. However, it might be in- 
teresting to point out the recent observation of Rowntree (10) 
that distilled water slowly injected intravenously killed a rabbit 
within 10 minutes after receiving 25 cc. 

The results on the recovery of the injected uric acid agree 
with those of Biirger (5), Griesbach (6), and Thannhauser and 
Weinschenk (7) and warrant the conclusion that considerable 
uricolysis goes on in the human body. This statement can only be 
made on the provisional basis that part of the uric acid is not 
eliminated through other channels as by means of sweat or 
feces. Negative evidence upon the latter would not mean very 
much inasmuch as bacterial decomposition probably takes place. 
Although traces of uric acid have been found in the sweat, it has 
always been assumed that the amount eliminated in this way is 
insignificant. 
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Since uric acid cannot be quantitatively recovered Ae thee a 
urine and since the percentage recovery varies, it introduces 
unknown error in its use as a measure of renal insufficiency. 
In spite of this objection our results show that the intravenous 
use of uric acid may be helpful in certain renal cases when other 
tests are negative. It perhaps is unnecessary to say that only 
a very extensive study of a large number of cases will determine 
the value of such a test. That much is still to be known about 
uric acid elimination before we can intelligently discuss its re- 
tention or destruction was recently demonstrated by Lennox (11) 
when he showed a marked increase of the uric acid level in the blood 
without comparable increase in elimination upon prolonged starva- 
tion. He points out that this may possibly be due to renal in- 
volvement although other signs of such a complication were lack- 
ing. He cites that the increase of blood uric acid may be the first 
sign of nephritis. His suggestion that the hyperuricacidemia 
reported in cases of cancer, hypertension, thermic fever, and 
methyl poisoning may be due to a resulting nephritis certainly is 
a tenable one. 

Several recent attempts to localize the elimination of various 
substances in different parts of the excretory mechanism of 
the kidney are interesting in this connection and may explain 
the retention of certain substances in certain cases of nephritis, 
while in other cases the same substances may be normal and others 
retained. O’Connor and Conway (12) believe, after studying the 
localization of excretion, that uric acid is excreted in the lower 
part of the second convoluted tubule. It is possible that a special 
study of various substances in regard to retention may offer 
more definite knowledge as to where the pathology, if localized, 
exists in renal damage. 


CONCLUSIONS. 


1. A preliminary investigation showed that uric acid ingested 
by mouth did not appreciably raise the blood uric acid level or 
increase its excretion in the urine. 

2. Only about one-half of the uric acid injected intravenously 
can be recovered in the urine. The amount recoverable varies 
with different individuals. Uricolysis is assumed. 
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3. The amount of uric acid retained in the blood 2 hours 
after injection and the rapidity of its elimination in the urine may 
be of value in determining renal insufficiency. 

4. Variability of destruction and errors in metabolism, as gout, 
must be taken into consideration in the interpretation of reten- 
tion of injected uric acid. 
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STUDIES ON THE THEORY OF DIABETES. 


IX. SUGAR EXCRETION CURVES IN DOGS UNDER INTRAVENOUS 
INJECTION OF GLUCOSE AT LOWER RATES. 


By HANNAH V. FELSHER anp R. T. WOODYATT. 


(From the Otho S. A. Sprague Memorial Institute Laboratory of Clinical 
Research, Rush Medical College, Chicago.) 


(Received for publication, April 8, 1924.) 


In the last paper of this series (1) which appeared in 1917, 
experiments were described in which glucose was injected into 
dogs intravenously at different rates sustained constantly for 
periods of 4 to 1 or several hours. The paper dealt with the 
effects of injections at rates rising from 0.1 to 2.0 gm. per kilo 
per hour. When these experiments were performed, there was no 
accurate method available for the estimation of such small quan- 
tities of sugar as occur in the normal urine. The best method 
known to us was that of Bang and Bohmannson (2), which had 
been used in the routine of phlorhizin experiments reported 
earlier. By means of this method, the attempt had been made 
to plot curves of urinary sugar excretion under the influence of 
glucose supplies rising from the basal or fasting level by steps 
of 0.1 gm. per kilo per hour until a gross glycosuria, detectable 
by the ordinary qualitative tests, appeared, but the method, 
in our hands, did not permit the plotting of satisfactory curves. 
Later, Benedict and Osterberg (3) reported a new and superior 
method for the quantitative estimation of the sugar in normal 
urine; and Folin and Berglund (4) subsequently reported 
another. With these methods available, it seemed advisable to 
repeat the earlier experiments and again attempt to plot the 
curve of sugar excretion as it rose from the fasting level under 
the influence of intravenous injections of glucose at gradually 
ascending rates. 

The experiments were divided into two groups. Those of the 
first were designed mainly to ascertain the effects of intravenous 
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injection at a series of rates (lying between 0 and 2.0 gm. per 
kilo per hour) on the rate of total sugar excretion in the urine 
(without distinguishing between the fermentable and non-fer- 
mentable fractions). The results of these experiments are de- 
scribed here. Other experiments in which further observations 
were made of the blood sugar percentagés, of the relationships 
between these and the urinary sugar, and of the effects of more 
or less water in the solution injected will be reported in another 
paper. 


Technique of Experiments. 


Dogs were used exclusively. Injections were made into a 
leg vein (saphenous, popliteal) by means of a volumetric pump 
as previously described (5). The purpose was to determine the 
rate of sugar excretion for each animal during fasting and under 
the influence of uniformly sustained injections at each of several 
selected rates. It had been observed repeatedly that a given 
animal receiving glucose by vein at a constant rate for several 
hours might show a relatively high excretion for the first half 
hour or hour, after which it settled to a lower level, and then 
tended to remain virtually constant for some time. It was also 
found that if a given animal received glucose injections at a 
series of ascending rates instituted one after another in the course 
of a single continuous experiment lasting 8 hours or more, the 
animal might excrete less sugar under the influence of the rate 
of injection instituted last than it would if injected at this rate 
first, or immediately after 18 hours of fasting. It seemed de- 
sirable, therefore, in testing the responses of a given dog to in- 
jections at different rates to prepare the animal by 18 to 20 hours 
of fasting, and inject the glucose for several hours at one rate 
only on a single day; then to allow several days to elapse, during 
which the animal lived under ordinary laboratory conditions, 
then to inaugurate a second period of fasting followed by injec- 
tion at a second rate, and so on. 

The glucose was injected in the form of 19.8 to 20.3 per cent 
solutions,' and the injections were continued for exactly 4 hours 


1Corn Products Refining Company’s c.p. glucose was used in all this 
work. It was dissolved in triple distilled water, to make about a 20 per 
cent solution, and was sterilized by autoclave. The glucose concentration 
was determined by polariscope directly before injection. 
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at each rate. The total excretion for 4 hours divided by the 
weight of the dog in kilos times 10 was taken as the excretion 
per 4 hours per 10 kilos of body weight for the individual ani- 
mal. The figures obtained for each animal under different injec- 
tion rates were compiled to give the curves shown. The urine 
was collected continuously by catheter and the bladder irrigated 
at the close of the periods, each sample being brought to a standard 
volume. These were tested qualitatively by means of Haines’ 
and Benedict’s solutions and quantitatively by the Benedict and 
Osterberg method. 


Comment. 


The dogs used in these experiments excreted, after fasting 18 
to 20 hours, as little as 6 mg. and as much as 65 mg. per 10 kilos 
per 4 hours of total sugar as estimated by the Benedict and 
Osterberg method, corresponding to 36 and 390 mg. per 10 kilos 
per day, respectively. But the great majority of the observa- 
tions fell between 17 and 35 mg. per 10 kilos per 4 hours, and the 
average of all was 23 mg., corresponding to 138 mg. per 10 kilos 
per 24 hours (which would amount to 690 mg. per 50 kilos per 
day). Benedict and Osterberg (6) observed in the case of a 
fasting dog, weighing about 18 kilos, excretions of 8.2 mg. of 
sugar per hour, which is equivalent to 109.2 mg. per 10 kilos 
per day, in fair agreement with these results. 

The rate of sugar excretion in the two dogs (Nos. I and V), 
which received glucose by vein at 0.3 gm. per kilo per hour, was 
appreciably higher than the fasting rate; thus, in Dog I it rose 
from a fasting excretion of 23 mg. to 60 mg. and in Dog V from 
12 to 64 mg. per 10 kilos per 4 hours, roughly 2.5 and 5 times 
the basal output, respectively. The absolute increases in the 
two cases were more nearly the same than the percentage eleva- 
tions, but owing to the exceptionally low fasting output in the 
case of Dog V, this increase accounted in that case for a higher 
percentage rise. Injection at the 0.6 gm. rate in the case of 
these two dogs (Nos. I and V) caused a further elevation in the 
excretion to 87 mg. per 10 kilos per 4 hours in both instances. 
The 0.6 gm. rate in the other dogs, which were not observed at 
the 0.3 gm. rate, caused elevations as follows: Dog II (fasting 
excretion 28 mg.) to 129 mg.; Dog III (fasting 26 mg.) to 117 
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mg.; Dog IV (fasting 23 mg.) to 92 mg.; and so on. Thus, 
injections of glucose at rates from 0 up to and including 0.6 
gm. per kilo per hour resulted in total increases of the sugar ex- 
cretion amounting to less than five times the basal outputs. As 
the injections were increased above the 0.6 gm. rate a point was 
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finally reached, in all cases except one, at which a further 
acceleration of the injection rate by 0.1 gm. per kilo per hour 
caused a sudden increase of the sugar excretion out of propor- 
tion to the total rise caused by all increases of the injection rate 
up to that point. Thus in Dog I, which in fasting excreted 18 
to 31 mg. per 10 kilos per 4 hours, the highest excretion with any 
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injection rate below 1.0 gm. per kilo per hour was 177 mg. or 
5.7 times the exceptionally low fasting excretion shown by that 
dog during the control period. With the 1.0 gm. injection rate 
the excretion rose to 3,273 mg. or 105 times the fasting excretion. 
This critical phenomenon occurred in Dog I with the injection 
rate at 0.9; in Dog II at 1.0; in Dog III at 1.4; in Dog IV at 1.0; 
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and in Dog V at 0.8 gm. per kilo per hour. In Dog VI there was 
no clearly definable critical point; the excretion rising gradually 
as the injection rate rose to 1.1, then falling somewhat, then 
rising again. But at 1.4 even in the case of this dog the excretion 
ascended steeply and broke upward disproportionately at 1.7. 
Experiments of the same general character as these had previ- 
ously been carried out here with injection rates rising progres- 
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sively above the highest reported in this series in order to study 
the subsequent behavior of the curves of excretion; but in those 
studies another method was used for estimating the sugar, so 
that the lower ends of the older curves could hardly be expected 
to approximate exactly the upper ends of the new ones. How- 
ever, it may be said that with rates of injection rising above 
2.0 gm. per kilo per hour the curve of excretion, although ob- 
served to rise progressively, has not continued to rise as steeply 
as in the critical periods of the present experiments. In other 
words, as the rate of glucose injection rises from 0, there is at 
first a slow rise of excretion, then a steep upward bend or break, 
then a continued rising tendency not so steep as that seen in 
the critical stage. In Dog I the curve broke sharply upward 
between 0.9 and 1.0, then rose more slowly with an advance of 
the rate from 1.0 to 1.1 and 1.2, and a similar phenomenon is 
shown in the chart of Dog II. 

As to the interpretation of these steep accelerations of the 
rate of excretion occurring when, but not before, the injection 
rate rises above a certain value, judgment is reserved. Whether 
the break is referable to an excretory phenomenon or whether 
it implies that the power to utilize glucose is temporarily over- 
taxed at this point after which, under the stimulus of an excess 
of sugar, it rises to a higher level after the manner of heart ac- 
tion in the phenomenon of “second wind,” or whether it is due 
to some other physiological event, the experiments would not 
decide. They appear to indicate, however, that with glucose 
supplies rising gradually above the fasting endogenous level a 
critical physiological event takes place when, and not before, the 
supply rate exceeds a certain limit sharply definable for that 
case. 

Using the qualitative test solutions, we have not failed to 
obtain positive reactions after the critical point has been reached. 
The urines of the precritical periods, however, have often con- 
tained enough sugar to give faint positive reactions when the 
tests have been made under the standard conditions adopted by 
us; namely, 2 ce. of urine in 5 cc. of reagent. 

Folin and Berglund (7) working with alimentary administra- 
tions of various carbohydrates including glucose, in man, con- 
cluded that “the ingestion of pure glucose (up to 200 gm.) does 














not raise the level of the blood sugar above the thres 
normal persons, and no glycosuria is obtained.” In the present 
experiments, working with dogs and intravenous administra- 
tion, small doses of glucose have regularly increased the elimina- 
tion of total sugar. This finding, however, is not necessarily in 
conflict with the above; first, because it was not absolutely proved 
in the present experiments that the observed increases in sugar 
excretion preceding the critical elevations were due to glucose in 
the urine, although it might seem plausible to assume that they 
were, provided the glucose injected was strictly pure; secondly, 
because in the present experiments dogs were used instead of 
men and the administrations were by peripheral vein and not 
into the portal circuit as in Folin and Berglund’s work. Work- 
ing with human cases (8) and diets in which the glucose-yielding 
power® was increasing, we also have failed in a few cases to note 
increases of sugar excretion above the fasting levels, but in the 
majority of such cases of which we have records increases have 
been observed. In extended experiments on three animals in 
which they studied the effects of subcutaneously injected glucose 
on the urinary sugar output in the dog, Benedict and Osterberg 
(9) found that following the injection of 0.4 gm. of glucose per 
kilo of body weight and upward there is a definite increase in 
the total sugar output. Their injections, however, were given 
following the administration of standard meals, and with no 
certain means of estimating the exact rates of absorption of the 
subcutaneous doses or the rate at which glucose was supplied by 
the feedings, a quantitative comparison of their results with those 
here reported is not possible. 

The present experiments were designed mainly to ascertain 
whether or not under gradually rising glucose supplies there is 
for any particular individual a critical rate of supply which when 
exceeded leads to a sudden acceleration of the output of sugar in 
the urine, or whether the transition from the normal sugar ex- 
cretion to a gross glycosuria is a gradual process, as suggested by 
Benedict, Osterberg, and Neuwirth (10). That it-may possibly 
be gradual in some cases is not disproved, but our experiments 
indicate that in most cases there is an abrupt phenomenon. As 


? Calculating the glucose-yielding power of a mixture metabolized as 
the carbohydrate plus the protein times 0.58 plus the fat times 0.10. 
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to whether the slight precritical increases of the total sugar excre- 
tion observed in these experiments were due wholly to glucose 
or partly to the presence of unknown impurities in the glucose 
injected is a question not bearing essentially on the main theme 
of the paper. 


CONCLUSIONS. 


The results essentially confirm the conception that there is 
for any individual animal a certain maximum rate at which 
glucose may be introduced continuously into the systemic cir- 
culation without the occurrence of gross glycosuria and that 
when this rate is overstepped a sharp increase of the sugar out- 
put usually occurs. The ordinary qualitative tests for sugar in 
the urine, if not too refined, yield as a rule negative reactions 
before and almost invariably positive tests after the critical 
point has been reached. 

Gradually increasing the rate of injection of glucose into the 
systemic circulation of normal fasting dogs from 0 to 0.8 gm. or 
thereabouts per kilo per hour causes a measurable but relatively 
slight progressive increase in the rate of sugar elimination in the 
urine until for any individual a certain critical rate is instituted 
when there usually occurs a sharp acceleration of the sugar ex- 
cretion out of proportion to any that occurs before. Thus in the 
cases of the five dogs that showed a sharply definable critical 
point, increasing the rate of intravenous injection of glucose 
from 0 up to that critical point has led to aggregate in- 
creases of the sugar elimination averaging 4.1 mg. per kilo per 
hour above the basal or fasting levels; whereas when the critical 
rate (0.8, 0.9, 1.0, 1.0 gm. per kilo per hour, respectively, in 4 
dogs and 1.4 gm. in the fifth) was overstepped the aggregate ex- 
cretion above basal averaged 97.3 mg. per kilo per hour, or 24 
times as much. The effect of increasing the injection rate by 
0.1 gm. per kilo per hour in the critical stage was 225 times as 
great on the average as in the precritical stages. 

The compiled curves representing graphically the total excre- 
tion of sugar by 4 hour periods per 10 kilos of body weight for 
individual dogs receiving glucose by vein at rates ascending 
from 0 to the critical level show therefore in most instances a 
first portion that inclines upward relatively little from the hori- 
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zontal followed by a second portion in which the curve shows a 
steep upward bend or break. Further gradual increases in the 
rate of injection affect the subsequent course of the curve in a 
manner to be described in a later report. 
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THE METABOLISM OF SOME PYRIMIDINES.* 


By HARRY J. DEUEL, Jr. 


(From the Laboratory of Physiological Chemistry, Yale University, 
New Haven.) 


(Received for publication, May 15, 1924.) 


INTRODUCTION. 


The demonstration by Johnson and Baudisch (1) that thymine 
is readily oxidized at ordinary temperature with such a mild 
oxidizing reagent as ferrous hydroxide and peroxide renewed our 
interest in a study of the metabolic behavior of this pyrimidine 
and also uracil to determine whether an analogous destruction of 
these substances might not occur in the animal organism. The 
fate of the pyrimidines has been a problematical question since 
their isolation as hydrolytic derivatives of nucleic acid 30 years 
ago. Inasmuch as pyrimidines may be recovered from the urine 
unchanged after they are fed in fairly large amounts in a free 
state or in the nucleoside or nucleotide combination, but not when 
fed as a constituent of nucleic acid, the hypothesis is current that 
in normal metabolism these substances must be decomposed 
before the nucleic acid molecule has suffered cleavage to the 
mononucleotide state. In other words, the animal organism is 
able to destroy the pyrimidines as long as they exist as an integral 
part of the tetranucleotide molecule, but this is no longer possible 
when the compounds are split into mononucleotidés or farther 
into nucleosides—a transformation which is not supposed to alter 
in any way the pyrimidine constituent existing therein. 


* The data of this paper are taken from a dissertation presented by H. J. 
Deuel, Jr., to the faculty of the Graduate School of Yale University, 1923, 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. 

A preliminary account of some of the experiments was published by 
Deuel and Mendel on the metabolism of thymine (Deuel, H. J., Jr., and 
Mendel, L. B., Proc. Soc. Exp. Biol. and Med., 1922-23, xx, 237). 
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HISTORICAL. 


The physiological behavior of the pyrimidine group was first studied by 
Wohler and Frerichs (2) who fed 6 gm. doses of alloxantin tomen. None of 
this compound could be recovered from the urine and these authors suggest 
a breaking down of this substance to urea since the latter occurred in 
increased amounts in the urine following the administration of this 
pyrimidine. Koehne (3) confirmed these results since he was unable to 
detect either alloxan or alloxantin after feeding 8 gm. doses of these 
pyrimidines. 

Steudel (4) investigated the behavior of a number of pyrimidines by feed- 
ing 1 gm. doses of the substances under study to a bitch. Thymine, uracil, 
isobarbituric acid, and isodialuric acid were apparently completely de- 
stroyed since none of these compounds could be recovered from the urine 
collected in the period subsequent to their administration, although 4- 
methyl uracil, which differs from thymine only in the position of the 
methyl group, and 5-nitrouracil were found to be excreted. Steudel (5) 
later reported that hydrouracil and imido methyl uracil are destroyed by 
the dog when administered per os, while 4-methyl sulfouracil escapes 
physiological conversion. 

Sweet and Levene (6), using an Eck fistula dog, showed that thymine 
when administered orally in a dose of 6 gm. was more than half excreted 
unchanged. Mendel and Myers (7) subsequently confirmed ‘this result, 
the latter investigators finding that the administration.of 1 or 2 gm. of 
thymine to rabbits or of 3 gm. to a dog resulted in its partial excretion. It 
should be noted, however, that in two of their experiments a marked rise in 
urea nitrogen resulted on the day of thymine ingestion, thus indicating the 
possibility of a partial physiological destruction of the pyrimidine. The 
above investigators obtained like results after feeding uracil. When 1.5 
gm. were given to a rabbit and a somewhat larger amount to a dog, a partial 
excretion of this substance followed, but a concomitant rise in urea excre- 
tion was noted. Cytosine was also partially excreted by the dog after its 
oral administration; the protocols of Mendel and Myers do not demon- 
strate that a conversion of this substance to urea took place. The fate of 
this amino pyrimidine in this respect we should not expect to differ from 
that of uracil since its amino group is detached with great ease, giving rise 
to uracil. 

A number of investigations have been carried out to determine the effect 
of nucleic acid feeding on the nitrogen partition of the urine, but in only a 
few instances have attempts been made to determine whether free pyrim- 
idines are excreted as a result of the hydrolytic cleavage of the nucleic 
acid molecule in the animal organism. Frank and Schittenhelm (8) showed 
that a large increase in urinary urea nitrogen was coincident with the inges- 
tion of 10 gm. of yeast nucleic’acid by a man who was on a constant fixed 
diet, thus illustrating that when the pyrimidines are in the normal nucleic 
acid combination they are largely broken down to urea. Neither Sweet and 
Levene (6) after feeding 10 gm. of thymus nucleic acid nor Mendel and 
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Myers (7) nor Wilson (9) after the administration of the same quantity of 
yeast nucleic acid could detect any pyrimidines in the urine. 

Wilson (10) has likewise fed a nucleotide, uridine phosphoric acid, and a 
nucleoside, uridine, to rabbits—both compounds causing an excretion of 
free uracil but likewise a concomitant rise in urea excretion. Wilson has 
interpreted these data as suggestive of the hypothesis that the pyrimidines 
are destroyed while still in the nucleic acid combination, but are incapable 
of such transformations after the nucleic acid molecule has undergone par- 
tial or complete hydrolysis. 

In the more strictly chemical studies on the behavior of the pyrimidines 
the recent work of Johnson and Baudisch and collaborators is of interest 
from a physiological standpoint. Johnson and Baudisch (1) have recently 
shown that the supposedly highly resistant pyrimidine ring is readily 
destroyed by the action of ferrous hydroxide and peroxide at room tempera- 
ture—thymine, for example, yielding under such treatment urea, acetole, 
pyruvic acid, and formic acid.'' Uracil, 5-ethyl uracil, 4-methyl uracil, 
cytosine, and thymine have been shown by Bass and Baudisch (12) to be 
decomposed to give urea as one of their end-products under the influence 
of iodine solution while thymine undergoes a slight conversion into urea 
when illuminated by the quartz mercury arc light especially in the presence 
of ferrous sulfate (Bass (13)). In view of the marked ease with which 
pyrimidines are decomposed by very mild chemical treatment, their 
behavior under physiological conditions assumes added interest. 


The investigation herein described was undertaken to deter- 
mine whether in the course of normal nucleic acid metabolism, 
the pyrimidines might not be set free and subsequently suffer 
further destruction as such. In the first place in order to deter- 
mine whether pyrimidines might occur in small quantity in normal 


1 Baudisch and Bass (11) have suggested the following mechanism for 
this decomposition: 


CHO 
NH*— CO NH—— CCH, NH, CHO 
HOH | | NaHCO; | 
CO CCH; ——> CO | ——— CO+HCOH + HCOOH 
| | | | 
NH——CH NH——CHOH NH, CH; 
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urine, an attempt was made to isolate them from a large quantity 
of normal human urine. Secondly, the question was investi- 
gated whether a large dose of a pyrimidine, which is known to 
be partially excreted unchanged, might not cause a concomitant 
rise in urinary urea excretion which would indicate the possibility 
for the organism to split limited quantities of the pyrimidines. 
Next, a study was made to determine whether the free pyrimi- 
dines would suffer complete decomposition if administered in 
very small amounts over a long period of time. Finally, very 
large quantities of nucleic acid were fed to a dog in an attempt 
to overflood the organism with pyrimidines and thus bring about 
an excretion thereof if these should be intermediates in nucleic 
acid metabolism. 

For these investigations dogs were fed on diets containing a 
fixed amount of nitrogen according to the method recently de- 
scribed by Cowgill (14). Analyses were made as follows: total 
nitrogen by the Kjeldahl method, urea by the Marshall method, 
sulfates according to the procedure outlined by Folin, and pyrimi- 
dine recovery by precipitation with Hopkins’ reagent as de- 
scribed by Mendel and Myers (7). Thymine and uracil were 
synthesized by the methods developed by Wheeler and Johnson 
while thymus nucleic acid of good quality was prepared in suffi- 
cient quantity for the experiment by the method of Levene (15). 


EXPERIMENTAL. 


Pyrimidines in Normal Urine.—No investigation is on record, 
as far as known to the author, in which an attempt has been 
made to recover pyrimidines from large amounts of normal urine. 
It might readily be supposed that small amounts of pyrimidines 
under usual conditions of diet are constantly being excreted, 
their relatively high solubility making their detection much more 
difficult than that of the purines. This assumption seemed 
possible in view of the fact that by application of the Johnson- 
Baudisch reaction to urine (16) to detect thymine, a positive re- 
sult was always obtained which was caused by some other con- 
stituent than the small amount of glucose which was present. 

Urine for this investigation was obtained in amounts of 10 
to 15 liters daily from the surgical wards of the New Haven 
Hospital from patients who had been on the usual hospital diet. 
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The urine as collected was preserved with toluene and was re- 
ceived from the hospital daily. A total of 150 liters was concen- 
trated by evaporating it in large evaporating dishes to a volume of 
about 15 liters, the resulting precipitate being filtered off and 
discarded and the filtrate concentrated to 3,500 cc. After the 
removal of a large amount of urea which had separated out, the 
filtrate was made up to 5 liters and an equal volume of saturated 
mercuric chloride solution was added, the solution made alkaline 
with sodium hydroxide—the general plan of Mendel and Myers 
(7) being used in an attempt to isolate thymine from the urine. 
From this amount of normal urine, it was impossible to isolate 
any thymine or cytosine, thus indicating that if any pyrimidines 
do escape physiological oxidation to be excreted into the urine 
as such, the amount must be exceedingly small. Under usual 
conditions of diet, therefore, it may be concluded that the pyrimi- 
dines obtained from the metabolism of endogenous and exogenous 
nucleic acid, undergo complete physiological conversion with 
the result that none escapes into the urine unchanged. 

Experiments with Thymine.—In the first series of experiments 
thymine was administered as such to dogs in a single large dose 
and the amount of extra urea resulting therefrom noted; any py- 
rimidine which was excreted in the urine was isolated and weighed. 
Nine experiments were carried out on two dogs in which 1 to 4 
gm. of thymine were administered. In six of these experiments 
an unmistakable rise in urea nitrogen occurred on the day of 
thymine ingestion while the results of the other three tests are 
inconclusive. Table I shows one of the experiments which demon- 
strates the increased urea excretion coincident with the day of 
thymine ingestion. On account of the length of the tables, other 
results are not included here. 

From the urine on the day of thymine ingestion, 0.096 gm. of 
impure thymine was recovered which gave a low nitrogen value— 
20.94 per cent instead of the theoretical 22.22 per cent. Table 
II gives the results of another experiment in which a larger 
amount of thymine was fed. The urea nitrogen does not show 
such a marked increase as in the former test. 0.874 gm. of pure 
thymine was recovered from the urine of the day of thymine feed- 
ing which gave a nitrogen content of 21.79 per cent instead of the 
theoretical value of 22.22 per cent. 
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TABLE I. 


The increase in urea excretion following the ingestion of thy- 
mine was a real augmentation and could not be ascribed to any 


Experiment on Thymine Metabolism. 
























Dog H. Weight 5.35 kilos. 

. Nitrogen. 

Vol | . . 
Dee. | ofurine, | ee Be we — —y Sulfur. | Thymine fed. 
1922 ec. } gm. * a gm. 7 | gm. 
21-22 | 325* | 2.66 | 2.20 | 0.07 | 0.088 | 
22-23 | 225* | 2.79 | 2.16 | 0.17 | 0.100 | 
23-24 | 120 | 2.69 | 2.07 | 0.16 | 0.086 | 
4-25 | 90 | 2.70 | 2.31 | 0.04 | 0.084 | 
25-26 | 178 | °3.00 | 2.53 | 0.11 | 0.079 | 1.5gm.in50ce.solu- 

| | | tion Nz = 0.33 gm. 
26-27 | 90 | 2.56 | 2.07 | 0.13 | 0.068 | 
27-28 | 80 | 2.62 | 2.11 | 0.13 | 0.084 | 
28-29 | 100 | 2.83 | 2.19 | 0.19 | 0.086 | 








TABLE II. 


* The large quantities of urine in the first 3 days of the experiment repre- 
sent the effect of ingestion of 3 gm. of thymine on the day previous to the 
start of this experiment. 


Experiment on Thymine Metabolism. 
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Dog H. Weight 5.3 kilos. 
Dee. Volume | ——— | Thymine fed. 
"| of urine. | Total. | Urea. | NHs 
1922 ce. gm. gm. gm. 
16-17 | 130 | 2.84 | 2.30 | 0.17 
17-18 | 90 | 2.77 | 2.20 | 0.16 | 
18-19 | | Urine lost. 
19-20 90 | 2.85 2.28 0 17 
20-21 450 | 3.46 2.39 | 0.04 | 3 gm. Na thymine given in 
| 50 cc. solution N; = 0.66 
| gm. 
21-22 2 | 2.66 | 2.20 | 0.07 | 
22-23 | 225 | 2.79 | 2.16 | 0.17 | 
120 2.69 2.07 | 0.16 





sponsible for it. 
to an augmented protein catabolism brought about in some way 


of the causes enumerated below which might be conceived as re- 


An increased urea excretion might be ascribed 
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by the action of thymine although such an effect is extremely im- 
probable. However, were the protein metabolism greater, the 
excretion of sulfur as well as of urea nitrogen should be increased. 
The excretion of total sulfates remained constant in the experi- 
ments which showed a greater excretion of urea nitrogen. 

The diuresis which usually accompanies the ingestion of thy- 
mine might readily be supposed to wash out an added quantity 
of urea since it is known that when a very large amount of water 
is administered there is a temporary increase in urea output. 
However, control experiments, the protocols of which are not in- 
cluded, did not demonstrate that a diuresis to the extent caused 
by thymine influenced the urea excretion. Moreover, in some 
experiments which showed an increased urea output following the 
feeding of this pyrimidine no diuresis occurred. 

In order to be certain that urease employed in the analytical 
procedures did not act on thymine as well as on urea, the urea 
content of a sample of urine containing a known amount of thymine 
and a sample of the same urine without the pyrimidine were de- 
termined and found to be identical—a result which proves that the 
urease method can be satisfactorily applied to urines containing 
the pyrimidine thymine. 

The administration of the sodium salt of thymine which is some- 
what alkaline often resulted in a decline in the ammonia content 
of the urine. That the increased urea excretion coincident with 
the thymine administration was not a result of this ammonia 
nitrogen thus made available for urea synthesis seems likely from 
the experiments of McCollum and Hoagland (17); moreover, 
certain experiments did not show this decline in ammonia nitro- 
gen which at the same time showed the increase in urea nitrogen 
excretion. 

Lastly, the administration of thymine did not render the urine 
abnormal; after the administration of this pyrimidine, routine 
tests for sugar and albumin were always a negative. 

On the basis of these experiments it seems fair to assume that 
thymine can be decomposed to some extent in the animal body 
when this pyrimidine is administered as such. In the second se- 
ries of experiments which follow, a study was made to determine 
whether the animal organism could completely destroy small 
quantities of thymine. For these experiments quantities of 
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thymine which, when fed in a single dose, were excreted to a 
considerable extent, were fed in small divided doses over a com- 
paratively long period of time and an attempt was made to re- 
cover this pyrimidine from the combined urine of the experimen- 
tal period. In one experiment 0.25 gm. of thymine was given 
daily to a dog of 5 kilos body weight over a period of 12 days. 
When the total amount was given to this animal in a single dose, 
about 1 gm. of unchanged pyrimidine appeared in the urine on 
the day of its administration. 

From 2,614 ce. of a total volume of 2,910 ec. for the 12 days 
during which thymine was being administered, it was impossible 
to isolate a trace of this pyrimidine by the methods which had 
been used for the separation of this substance in the previous 
experiments. This experimental result would seem to indicate 
that the dog is able to destroy completely thymine fed in small 
amounts. This is further confirmed by the fact that the non- 
urea nitrogen for the experimental period not only did not in- 
crease but actually decreased during the period of thymine feeding. 
If the thymine administered in these small amounts were excreted 
unchanged, the non-urea nitrogen should be increased about 
0.05 gm. daily during the experimental period. On the other 
hand, if all the nitrogen of thymine were converted to urea, the 
non-urea fraction for the experimental period would be unaltered. 
In the above experiment the daily average of the non-urea fraction 
for 22 days with the same animal on the diet without thymine 
amounted to 0.53 gm., while the mean quantity of non-urea nitro- 
gen for the 12 days during which 0.25 gm. of thymine was ad- 
ministered daily was 0.50 gm. instead of 0.58 gm. which would 
have been expected had all the thymine been excreted unchanged. 

A second experiment in which small amounts of thymine were 
fed over a period of days was carried out on another animal. This 
dog, which weighed 12 kilos, excreted 0.35 gm. of thymine after 
the feeding of 4 gm. by mouth in a single dose. When 0.4 gm. 
of thymine was fed daily over a period of 15 days, making a total 
of 6 gm. ingested, it was impossible to isolate any trace of this 
pyrimidine from 4,240 ce. of a total of 4,676 cc. of the combined 
urine or the experimental period. . 

Experiments with Uracil—The plan of the experiments with 
uracil was similar to that followed with thymine, the first series 
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of tests being designed to study the effect of relatively large doses 
of this substance on the urea excretion and the second set of 
experiments involving the feeding of a similar quantity of uracil 
in small divided doses over a period of days in order to determine 
whether under these conditions any of this substance was excreted 
in the urine. 

Three experiments were carried out in which uracil was admin- 
istered as the sodium salt to a dog in doses varying from 0.5 to 
3.0 gm. In each case a rise in urea nitrogen occurred on the day 
of uracil administration, the best results obtained being shown in 


TABLE III. 
Experiment on Uracil Metabolism. 
Dog H. Weight 5 2 kilos. 








| ‘Sines } Nitrogen. 
Feb. ————$————— Uracil fed. 

heel Urea. NH; 

1923 ce = poy @ Saag! | gm eis SOP Boe) "9 
18-19 100 3.25 3.7% | 6.38 
19-20 290 3.24 2.60 0.18 
20-21 | 80 | 3.08 2.51 | 0.15 
21-22 90 3.25 2.62 | 0.19 
22-23 3.23 2.64 | 0.16 

23-24 130 3.61 2.87 0.09 | 1.5 gm. of Na uracil given in 


90 ec. solution Nz; = 0.37 
| gm. 

24-25 | 90 | 3.29 | 2.73 | 
25-26 | 80 | 3.11 | 2.52 | 
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Table III. From the urine of the day of uracil feeding, 0.244 
gm. of this substance was recovered which gave a strong positive 
qualitative test for this pyrimidine. 

In the other experiments on uracil metabolism, protocols for 
which are not included here, a similar though not as marked an 
increase in urea excretion occurred coincident with the adminis- 
tration of uracil. When 0.5 gm. of uracil was fed, this pyrimidine 
was entirely destroyed as evidenced by the impossibility of obtain- 
ing even a qualitative test for it in the urine. 

The control experiments for uracil are the same as those for 
thymine which are discussed earlier. A test was carried out to 
determine whether uracil might be decomposed by urease to 
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ammonia and in this way vitiate the urea determinations which 
were made by that method; urine to which a known quantity 
of uracil was added gave identical values for urea by the urease 
method with that obtained on the same urine without the addi- 
tion of this pyrimidine. As in the case of thymine, the urine on 
the day of uracil administration showed no trace of glucose or 
albumin indicating that this pyrimidine did not have a patho- 
logical effect on the kidney. 

In the second series of tests 0.2 gm. of uracil was fed daily to 
the same animal as in the previous experiment over a period of 
15 days, making a total of 3 gm. No uracil could be recovered 
from 3,500 cc. of a total volume of 3,872 ec. for the experimental 
period nor could a positive qualitative test be obtained on the 
fraction which should include any uracil present. Moreover, 
the non-urea nitrogen did not change significantly during the 
experimental period. The average value of the non-urea fraction 
for 5 days before and 5 days after the uracil feeding was 0.56 gm.., 
while the average for the days during which uracil was being fed 
0.2 gm. daily was 0.57 gm. instead of 0.61 gm. which should have 
been the result had all the uracil been excreted unchanged. 

Experiments with Nucleic Acid.—The experiments reported 
below were designed to demonstrate whether the pyrimidines 
are set free as an intermediate product in normal nucleic acid 
catabolism. Large quantities of nucleic acid were fed in order 
that the pyrimidines, if liberated, might exceed the capacity for 
their destruction and, therefore, result in their partial excretion. 

Two experiments were carried out in which nucleic acid was 
fed, but the first was somewhat inconclusive since it was uncertain 
whether any. vomitus of the animal was mixed with the urine. 
The protocol of these experiments is given in Table IV. 

In the above experiments, 5 cc. of the urine from March 19 
to 20 and 21 to 22 gave a strong positive Wheeler-Johnson test 
for free cytosine as did the filtrate from the decomposition of the 
precipitate resulting with Hopkins’ reagent. The Wheeler-John- 
son test for uracil and cytosine is only given by these pyrimidines 
when uncombined and, therefore, these urines must have contained 
either one or both of these pyrimidines in a free state. The amount 
of pyrimidine present was insufficient, however, to permit its 
isolation’ from the urine. 
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The urine of the day previous and following the experiments f 
gave negative tests for cytosine. The thymus nucleic acid used, 
which had been prepared from the thymus glands of sheep and 
calves, also was free from uncombined pyrimidines as evidenced 
by its failure to respond to a test for free cytosine. 
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TABLE 1V. 


Experiment on Nucleic Acid Metabolism. 
Dog H. Weight 5.25 kilos. 














Mar. | Volume wm P205 | Nucleic acid fed. 
1923 | ce. | gm. | gm. 
15-16 | 100 | 2.74 | 0.16 
16-17 | 100 | 2.63 | 0.12 | 
17-18 | 110 2.80 | 0.19 | 
18-19 {| 120 2.79 | 0.22 | 
19-20 | 3.95 | 50 gm. thymus nucleic acid given 
| by stomach tube.* 
20-21 300 2.89 0.59 
21-22 | 650 8.46T 4.88 50 gm. thymus nucleic acid given. tf 
22-23 | 3.44 0.74 
23-24 | 150 2.74 | 0.42 | 








* Approximately 50 gm. of thymus nucleic acid were given by stomach 
tube as the sodium salt, the total volume introduced amounting to about 
400 cc. A considerable amount of this was vomited and the vomitus was 
given again by stomach tube. This was vomited again a second and a 
third time; it was finally estimated that the dog retained about 20 gm. of the 
nucleic acid administered. The urine was collected separately from the 
vomitus, but itis not known whether any urine was lost in the vomitus. 

t The actual amount of food administered on this day was increased so 
that 5.08 gm. of Nz were fed instead of the usual 3.38 gm. from this source. 

t 25 gm. of thymus nucleic acid were mixed with the food and fed to the 
dog in this way. The remaining 25 gm. were given as the sodium salt. 
On the preparation of this, it gelatinized to a mass resembling a stiff pud 
ding and lumps of this were force fed. Itis estimated that the dog received | 
about 45 gm. of nucleic acid in this last experiment. There was no 
vomiting in the second experiment. 


It would seem probable that the pyrimidines are split off under 
normal conditions of nucleic acid metabolism but never escape 
in the urine following the ingestion cf ordinary amounts of this 
compound since the animal organism is capable of decomposing 
fairly large portions of them as such to urea and other undeter- 
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mined products. It is only when the animal organism is flooded 
by excessive doses of nucleic acid—a condition only met with 
experimentally—that sufficient pyrimidines arise to cause their 
excretion. 


DISCUSSION. 


The‘analytical data reported here make it seem probable that 
thymine and uracil in uncombined form are capable of being 
metabolized in the animal body so that urea results as one of 
their end-products. This assumption is based upon the observa- 
tions that administration of uracil or thymine was usually fol- 
lowed by an increase in urinary urea excretion; also by the proof 
that quantities of these pyrimidines, which if given in a single 
dose would result in a comparatively large excretion of unchanged 
pyrimidine, were apparently destroyed when fed in a number of 
small divided doses. Although no experiments are available 
on the behavior of cytosine as such, there is no reason to suppose 
that this pyrimidine would act differently from thymine or uracil. 

When nucleic acid is administered in sufficient amount, a slight 
excretion of free pyrimidine may result—a fact which would 
indicate that under normal conditions of metabolism nucleic 
acid’ suffers complete hydrolysis to its pyrimidine components 
which, in turn, when not supplied to the animal organism in too 
large amounts are completely broken down to urea. 

This conception of pyrimidine metabolism is at variance with 
the present accepted ideas in the following ways: 

1. Levene, Mendel and Myers, and Wilson all assume that, 
since after the administration of free pyrimidine in sufficient 
quantity some of it is excreted unchanged, we must consider that 
under normal conditions of nucleic acid metabolism in the animal 
body, the pyrimidines are destroyed before they are set free— 
this decomposition being assumed to take place. while the pyrimi- 
dines are in the tetranucleotide combination. Although the 
earlier investigations have been confirmed by the experiments 
here reported, it does not seem necessary to postulate that because 
the organism is unable to utilize completely comparatively large 
doses of the pyrimidines it is equally unable to destroy small 
amounts. Even such a readily oxidizable substance as glucose 
is excreted when an excessive dose is administered within a short 
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time. Might not the excretion of pyrimidine which has been 
noted after the ingestion of a comparatively large amount of this 
substance be analogous to an alimentary glycosuria resulting after 
very large doses of glucose? Normally, the nucleic acid catabo- 
lism must proceed slowly so that the amount of pyrimidine set 
free at any moment would be many times less than that offered 
in the experiments reported here. The fact that the administra- 
tion of a pyrimidine in much larger than physiological doses re- 
sults in a partial excretion of this substance unchanged does not 
preclude the possibility of its complete destruction when the same 
compound is fed in physiological amounts. 

2. Wilson assumes that since he obtained free uracil in the 
urine after the administration of uridine or uridine phosphoric 
acid, the pyrimidine must be decomposed before the nucleic acid 
molecule has reached the mononucleotide state—presumably 
while still in the tetranucleotide combination. That the animal 
organism could readily destroy uracil as a constituent of a tetra- 
nucleotide but not when the product is in the mononucleotide or 
nucleoside linkage would seem open to question were there not 
some striking difference in physical or chemical properties between 
the tetra- and mononucleotide to account for it. Such, however, 
is not the case. Are not these experimental data of Wilson 
another example of the results of flooding the animal with a sub- 
stance which in small amounts might have been completely broken 
down? If we draw another analogy between these phenomena 
and alimentary glycosuria, we may conceive of uracil excretion 
following uridine feeding to be similar to that resulting from a 
very large ingestion of sucrose or other disaccharide while the 
relative difficulty of inducing a glycosuria after starch or dextrin 
ingestion might be compared with the difficulty in demonstrating 
pyrimidine excretion after nucleic acid feeding. 

3. The fact that neither Levene, Mendel and Myers, nor Wilson 
have found pyrimidines present in the urine after nucleic acid 
feeding is another point at which the experiments here reported 
are at variance with the former ones mentioned. Levene fed 
10 gm. of an animal nucleic acid in his experiments while Mendel 
and Myers and Wilson fed the same quantity of yeast nucleic 
acid. That these investigators have not detected free pyrimidine 
in the urine following the feeding of nucleic acid may be explained 
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on several assumptions. In the first place, it is possible that the 
organism might be able to decompose completely the pyrimidines 
were they freed from this amount of nucleic acid immediately, 
since the amount of each pyrimidine in 10 gm. of nucleic acid is 
somewhat less than 1 gm. However, the pyrimidines must be 
freed at a relatively slow rate and the complete destruc- 
tion of the nucleic acid would probably not occur for a number of 
hours; the concentration of the pyrimidines offered to the organ- 
ism at any time must be very small. 

Secondly, we have no data on the extent of absorption of the 
nucleic acid. A considerable amount of it may have remained 
unutilized and for that reason the concentration of the residual 
pyrimidine actually formed would not be sufficient to cause its 
excretion. 

However, the experiments reported here indicate that if suffi- 
ciently large amounts of nucleic acid are administered, free pyrim- 
idine can be detected in the urine. This would seem to offer 
cogent evidence that the failure of Levene, Mendel and Myers, 
and Wilson to obtain a test for the free pyrimidine after the feed- 
ing of nucleic acid was attributable to the smaller doses of this 
substance which these investigators fed. 


SUMMARY. 


When the pyrimidines, thymine and uracil, were administered 
in fairly large amounts (1.0 to 3.0 gm.) to dogs, a considerable 
quantity could be isolated from the urine. However, when the 
same quantities were given in small divided doses over a period 
of days, the animal was apparently able to utilize it for none could 
be detected in the combined urine of the experimental period. A 
detectable increase in urea usually followed the introduction of 
thymine or uracil which would indicate that these pyrimidines 
were partially metabolized to urea under these conditions by the 
dog. 

When thymus nucleic acid was fed in a 50 gm. dose to a dog, 
it was possible to demonstrate the presence of free pyrimidine in 
the urine—thus suggesting that under normal conditions of nucleic 
acid metabolism, pyrimidines are constantly set free in an uncom- 
bined form but are not present in sufficient quantity to be excreted 
as such. 
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Under normal conditions of diet in man, pyrimidines do not 
escape physiological conversion since it was impossible to isolate 
even a trace of them in 150 liters of normal human urine. 


The author gratefully acknowledges the helpful criticism of 
Professor Lafayette B. Mendel who suggested the problem and 
under whom the study was carried out. 
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A COMPARISON OF THE RATE OF GLYCOLYSIS IN 
DIFFERENT BLOODS WITH SPECIAL REFERENCE 
TO DIABETIC BLOOD.* 


By F. A. CAJORI anv C. Y. CROUTER. 


(From the Laboratory of Clinical Chemistry, Presbyterian Hospital: 
Philadelphia. ) 


(Received for publication, May 20, 1924.) 


It has been known for a long time that glucose disappears 
from blood which is kept under aseptic conditions after its removal 
from the body. This phenomenon, which is termed glycolysis, has 
been of considerable interest to investigators in view of its possible 
bearing on intermediary carbohydrate metabolism. During 
the last year attention has again been directed to this subject 
and an added interest given it by Denis and Giles (1) and also 
by Thalhimer and Perry (2). Both conclude, from data which they 
present, that the rate of glycolysis in diabetic blood is less than 
in normal blood and that the diminution of glycolysis is roughly 
in proportion to the degree of diabetic involvement of the individ- 
ual studied. 

Since the appearance of these suggestive papers, we have had 
occasion to measure the rate of glycolysis in the venous blood of 
non-diabetic individuals (arthritics). It was thought that a 
study of blood glycolysis in cases of chronic arthritis might 
contribute towards an understanding of the lowered sugar tolerance 
which has been found frequently to accompany this disease (3). 
On extending our observations to diabetic blood, we were unable, 
much to our surprise, to obtain evidence that such bloods suffered 
a loss of glycolytic power.. In view of the importance of this 


*The work here reported is part of a series of studies on chronic arthritis 
by Ralph Pemberton, M.D., of Philadelphia, in collaboration with Robert 
B. Osgood, M.D., of Boston. The expenses of the investigation were 
defrayed by contributions from various sources, including a number of 
patients. 
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subject in its suggested relation to the diabetic problem, we 
venture to present our results at this time.! 


LITERATURE. 


Macleod (4) has reviewed the subject of glycolysis and from the 
extensive literature on the subject only those facts that seem 
pertinent to the problem of comparing the glycolytic power of 
different bloods will be considered here. 


The disappearance of glucose from shed blood is generally ascribed to a 
glycolytic enzyme. This enzyme is seemingly restricted to the formed 
elements of the blood as no glycolysis occurs in serum or plasma (Macleod 
(5), Milne and Peters (6), Aibara (7)). Both erythrocytes (8) and leucocytes 
(9) contain the glycolytic enzyme, but it is reported as being absent from 
platelets (7). Glycolysis does not occur in laked blood (5, 7, 8). Macleod 
(5) found that glycolysis is decreased when potassium oxalate is present in 
concentrations sufficient to prevent coagulation of blood. Glycolysis is as 
rapid, however, in bloods in which coagulation has been prevented by 
sodium citrate (7) or hirudin (5) as in defibrinated blood. 

Levene and Meyer (9) found that lactic acid is formed from glucose when 
leucocytes are suspended in buffered glucose solutions. Kraske (10) and 
and also Kondo (11) report the same reaction during glycolysis in whole 
blood. Anrep and Cannan (12) have recently reported that an increased 
pH of the blood increases the production of lactic acid from glucose in vivo 
and to some extent in vitro. 

In addition to the authors whose work was cited in the introduction 
Lépine (13) maintained that there is a diminished glycolytic power in 
diabetic blood. Eadie, Macleod, and Noble (14), however, failed to ob- 
serve changes in the rate of glycolysis in bloods to which insulin had been 
added. Furthermore, blood drawn from animals after they had received 
injections of insulin exhibited no change in glycolytic rate. 


Glycolysis appears then to be the reaction, glucose — lactic 
acid, catalyzed by an enzyme present within the corpuscular 
elements of the blood. A comparison of the glycolytic power of 
different bloods involves a measurement of the velocity of this 
reaction and necessitates consideration of the factors which may 
influence the speed of the reaction. 


1 Himwich, Loebel, and Barr recently report that Tolstoi, working in 
the same laboratory, has been unable to find a delayed glycolysis in diabetic 
blood (Himwich, H. E., Loebel, R. O., and Barr, D. P., J. Biol. Chem., 
1924, lix, 267. See also Tolstoi, E., J. Biol. Chem., 1924, Ix, 69.) 
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Methods. 


Each sample of blood was drawn under sterile conditions 
from the arm vein of the subject into a 50 cc. Erlenmeyer flask. 
The flask was stoppered with a sterile cotton plug and immediately 
taken to the laboratory and a sample removed for sugar determina- 
tion. A piece of tin-foil was tightly fitted over the cotton plug and 
top of the flask containing the blood. The flask was then placed 
in an incubator maintained at 38°C. 

During this preliminary manipulation the bloods were exposed 
to the air and lost CO.. Consequently, the reaction of the bloods 
at the beginning of incubation was somewhat more alkaline than 
normal blood. In four bloods measured, the plasma pH before in- 
cubation was 7.92, 7.87, 7.88, and 7.78. 

At intervals of usually 4, 6, and 24 hours, samples of the blood 
were removed from the flasks and the sugar content was 
determined. 

At the end of the experiment the blood was transferred to beef 
broth. After 48 hours incubation, agar strokes were made from 
the broth. If no growth occurred on agar the blood was regarded 
as sterile.2 It should be pointed out that the condition of the 
blood at the end of 48 hours incubation in broth may not represent 
its state during the early hours after it has been drawn. The pres- 
ence of bacteria at this time does not necessarily mean that they 
were present at the beginning of the experiment, or if present, that 
they were in sufficient numbers to influence measurably the blood 
sugar. Despite utmost care in handling the bloods, it was 
difficult to avoid contamination from bacteria. However, 
comparison during the early hours of glycolysis, of the curves 
of sugar losses of the bloods showing final bacterial growth with 
those that were sterile gives no indications of differences ascribable 
to bacteria. 

In some of the experiments the blood was defibrinated, in 
others coagulation was prevented by addition of potassium oxa- 
late, sodium citrate, or heparin. 

2We are indebted to Dr. John Eiman in whose laboratory and under 


whose direction this bacteriological work was done and to Miss A. M. H. 
Falck, who carried out all the tests for the presence of bacteria. 





768 


Rate of Glycolysis 


Blood sugar was determined by the Folin-Wu method (15). 
The color developed in this method when the blood sugar is very 
low is so faint that, even with the use of weak standards, accurate 

TABLE I. 
Glycolysis in Non-Diabetic Blood. 





Diagnosis. 
2 | 
a « aoe 
1 | Arthritis 
2 “ 
3 “ 
4 | Normal. 
5 | Arthritis. 
6 | Normal. 
7 | Arthritis. 
= “ 
9 iz% 
10 | Senile cataract. 
11 | Malignancy. 
12 | Normal. 
13 “ 
14 | Arthritis. 
15 “ 
16 “ 
17 | Normal. 
18 “ 
19 | Arthritis. 
20 “ 
*Sterile. 


tBacterial growth. 











Anticoagulant. 


| Citrate. 


‘ 


| Defibrinated. 
Citrate. 
Heparin. 
Citrate. 











Blood sugar. 
= | z | 
€ 
pe Padi g eae 
é/¢|#e|] 8 | 3 
ESG2G- 88 2° 5 
| mz. | mz. | mz. | m7. | mz. 
| mer | per per per | per 
100 ec. | 190 ce. | 100 ec. | 100 cc. | 100 ce. | 
}s3 | 13| 13] =| 11.7 
| 90 | 32 | 30 t | 10.0) 
}91 | 47] 19 | 12.0) 
}93 | 47| 2| */| 11.3 
}99 | 42} 24) *| 12.5 
105 | 39] 37] 25 | 11.3 
153¢ | 80 | 48 | 20f | 17.5 
15st | 70| 45 | | 18.3 
184t | 138 | 76| | 18.0) 
209¢ | 150 | 122} | 14.5) 
}92 | 29] 21] | 11.8) 
}93 | =| 25] 11.3) 
| 94 | 45 | 8.2! 
102 | 77 | 65 | 30*| 6.2) 
1102 | 26] 26 | 24* | 12.7 
104 | | 44| 25¢ | 10.0) 
105 | 77{ 64/28 | 6.8) 
1105 | 83) 72 }21 | 5.5) 
184¢ | 177 | 89 | 50 | 15.8) 
lzo7t | 133] 97] | 18.2) 
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183 





tAfter glucose ingestion. 


colorimetric readings are difficult. 


100 ce. are to be regarded as approximations only. 


RESULTS. 


Results below 30 mg. 


per 


In Tables I and II are tabulated the results of glycolysis experi- 
ments on non-diabetic and diabetic bloods. 


The non-diabetic 
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bloods, with two exceptions, were obtained from normal individuals 
or from patients with chronic arthritis. In these tables are 
given the measurements of the initial glucose content of the bloods, 
the content after definite time intervals, and the average hourly 


TABLE II. 
Glycolysis in Diabetic Blood. 






































Blood sugar. 

Blood. Anticoagulant. : | | | : Less par | 
0 hrs. | 4 hrs. | 6 hrs. | 24 hrs. | ritug | 

| | mg. per m7. per m7. per m7]. per m7. per 

| | 100 cc. 100 ce. 100 ce. 100 ce. 100 ce. 
1 | Citrate. | 143 | 67 38 t 17.5 0.221 
7. * | 144 | 66 39 | 20* | 17.5 | 0.217 
3 a | 200 | 139 112 | 17t | 14.7 | 0.096 
4 | Defibrinated. | 208 | 127 | 110 * | 16.3 | 0.106 
5 | Citrate. | 242 | 108 73 * | 28.2 | 0.200 
6 | 270 153 20* | 19.5 | 0.095 
7 | Heparin. | 274 157 110 24 27.3 | 0.152 
8 | Citrate. | 281 190 128 t | 25.5 | 0.131 
9 | Defibrinated. | 500 332 286 22* | 35.7 | 0.093 
10 es | 529 | 361 335 . 2.3 | 0.076 

| 

11 | Oxalate. | 143 132 102 1.8 | 0.013 
12 | 200 174 134 69* | 11.0 | 0.067 
13 | 200 165 127 13¢ | 12.2 | 0.076 
14 |. 228 220 214 166 2.3 | 0.011 
15 a | 228 217 210 153 | 3.0 | 0.014 
16 « | 242 147 34 15.8 | 0.083 
17 " | 270 270 270 0.0 | 0.000 
18 o | 272 | 244 233 133 6.5 | 0.026 
.i..* | 291 | 269 267 244 4.0 | 0.014 
*Sterile. 


{Bacterial growth. 


rate of glycolysis during the first 6 hours. In a number of cases 
where the sugar concentration was not determined at exactly the 
6th hour a curve representing sugar loss was constructed. The 
sugar level at the 6th hour was obtained by interpolation on the 
curve and this value used in calculating the hourly rate of glycoly- 
sis. On the assumption that the reaction, glucose — lactic acid, 
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is monomolecular, the velocity constant has been calculated from 
the equation for a first order reaction: 


1 a 
K=—log —— 
t Be a-z 
In this calculation a and x have been expressed as milligrams of 
glucose per 100 cc. of blood and ¢ has been expressed in hours. 


, 


TABLE III. 
Effect of Potassium Oxalate on Glycolysis in Diabetic and Non-Diabetic 






































Bloods. 
| Blood sugar. 
Blood. Diagnosis. ats. ‘a | | | Loss per 
0 hrs. 4 brs. | 6 hrs. 24 hrs. hr. (first 
} | 6hrs.). 
m7. per m7. per mg. per m?). per | m7. per 
| 100 cc. 100cce. | 100cc. 100 ce. 100 cc. 
1 | Diabetes. | Heparin. | 274 | 157 | 110 24 | 27.3 
Oxalate. 272 | 244 | 133 6.5 
2 Arthritis. Citrate. 184f 138 76 18.0 
Oxalate. 184f 177 89 50 15.8 
3 Normal. Heparin. 105 39 37 25 11.3 
: Oxalate. 105 77 64 28 6.8 
4 Diabetes. | Citrate. 270 153 20* 19.5 
Oxalate. 270 | 270 270 0.0 
5 “2 Citrate. 200 139 112 17t 14.7 
Oxalate. 200 174 134 69* 11.0 
6 - Citrate. 143 67 | 38 t 17.5 
| Oxalate. | 143 | 132 102 1.8 
| 
7 a | Citrate. | 242 | 108 | 73 * | 28.2 
| Oxalate. | 242 | | 147 | 34 15.8 
} | 
*Sterile. 


+Bacterial growth. 
tAfter glucose ingestion. 


Bloods which were sterile at the end of the experiment are desig- 


nated by an asterisk (*). 
Contrasting results for a number of bloods are given in Table 
III. Two samples of the same blood were used: to. one of these 
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potassium oxalate had been added and to the other sodium 
citrate. Examination of the results in this table, and in Tables 
I and II, reveals a decided difference in the effect of oxalates 
between diabetic and non-diabetic blood. 

The rate of glycolysis in the blood of the same individual at 
different levels of initial sugar concentration has been studied by 
comparison of bloods drawn during a glucose tolerance test. In 
Table IV are given the results of three such experiments on 
arthritics. 


TABLE IV. 
Glycolysis in Non-Diabetic Blood Drawn during a Sugar Tolerance Test. 

















| Blood sugar. 
ses Anti- | 
Blood. Condition. a Loss per 
0 hrs. 4 hrs. 6 hrs. hr. (first 
6 hrs.). 
mg. per mg. per m7. per mq. per 
100 ce. 100 cc. 100 cc. 100 cc. 
1 | Fasting. Citrate. 99 42 24* 12.5 
After glucose, ” 155 70 45 18.3 
2 | Fasting. - 90 32 30* 10.0 
After glucose. ” 153 80 487 17.5 
| 
3 | Fasting. - 91 47 19 
| After glucose. ° 83 13 13 

















* Sterile after 24 hours. 
t Bacterial growth. 


The experiment of adding glucose to blood was made. Its 
purpose was to study the effect of such additions on the rate of 
glycolysis. , 


Blood drawn from a normal individual was defibrinated by gentle stir- 
ring with a sterile glass rod. It was divided into three samples. To two 
of the samples glucose was added, in one a quantity sufficient to bring 
the amount in the blood to 264 mg. per 100 cc., in the other to 482 mg. per 
100 ce. The three samples were then incubated and the glycolysis followed. 
At the end of 24 hours, the sugar in the unfortified blood had almost dis- 
appeared. Glucose was now added to this sample bringing the sugar 
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content of the blood to 151 mg. and the incubation continued for 24 hours 
without further loss of sugar. The three bloods#were sterile at the end of 
the experiment. The results are given in Table V. 


DISCUSSION OF RESULTS. 


Variations of Initial Sugar Concentration.—Leaving out of con- 
sideration the bloods to which potassium oxalate has been added, 
examination of the tables will show that in both diabetic and non- 
diabetic blood the rate of glycolysis tends to increase with increases 
in the initial concentration of glucose. The increases in velocity 

TABLE V. 
Glycolysis in Normal Blood as Affected by Additions of Glucose. 








Blood sugar. 








Blood. Loss per 
Ohrs. | 4hrs. | 6hrs. | 24hrs. | br (first 
| 6hrs.). 
SS EE | —_— —____—— - _ ————EE 
m). per | m). per mq. per m?). per m7. per 
100ce. | 100cc. | 100cc. | 100cc. | 100cc. 
1(a) | 98 | 47 3 ~ i 62 
1(a) (after 24 hrs. ). 151} 145 135* | 1.0 
1(b) | 264 207 186 35* | 13.0 
1(c) | 482 425 | 360 | 215* | 20.3 
* Sterile. 


are not, however, proportional to the changes in the substrate as 
would be necessary to satisfy the monomolecular velocity law. 
The falling off of k is not unusual in enzyme reactions. As North- 
rop (16) has recently shown in the case of trypsin, the equation 
of a first order reaction expresses the rate of change of substrate 
in enzyme actions only under very definite conditions, chosen to 
exclude side reactions and inactivation of the enzyme. 

The effect on the velocity of the reaction of the amount of glu- 
cose present is shown by a comparison of the rates of glycolysis 
at different levels of blood sugar concentration. Glycolysis in 
bloods drawn at the height of hyperglycemia, following ingestion 
of 100 gm. of glucose, is appreciably faster than in the same bloods 
at a starvation level of blood sugar (Table IV). In the case where 
no rise of blood sugar followed the ingestion of glucose, the glycoly- 
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sis rate remained unchanged. The same thing was mm 
though to a less extent, » the experiment where glucose was added 
to blood in vitro. 

There is no suggestion whatever in these results that diabetic 
blood is lacking in glycolytic power. In fact, the rate of sugar loss 
is greater in diabetic blood of high sugar content than in normal 
blood. When diabetic and non-diabetic bloods of nearly the same 
initial sugar concentration are compared, the rate of glycolysis 
is approximately equal in the two groups. 

Denis and Giles (1) following the general custom, have expressed 
their glycolysis results as percentage of sugar loss during definite 
time intervals. This is misleading when bloods of widely differ- 
ent initial sugar concentrations are being compared. Such 
expression is justified only if the rate of glycolysis is proportional 

_to the glucose present; in other words, the velocity of the reaction 

must approximate that predicted by the monomolecular velocity 
equation. It has been shown that this condition is not met 
under the experimental procedure usually used to measure the 
rate of glycolysis. Denis and Giles do not state what means 
they employed to prevent blood coagulation and examination of 
their results suggests that oxalates were used. Oxalates may, 
as is shown above, have a decided effect on glycolysis in diabetic 
blood. In spite of this, many of their diabetic bloods, for example, 
Nos. 5, 16, 20, 26, 29 (Table II)* show a greater rate of sugar 
loss during the first 6 hours than many of their non-diabetic 
bloods. This fact is masked when the results are expressed as 
percentage of sugar loss. 

Variations in Enzyme Concentration.—In addition to variations 
in substrate, variations in the amount of enzyme present will 
cause velocity differences in enzyme action. Our data do not 
suggest that there is a lack of glycolytic enzyme in diabetic blood. 
In the first place, diabetic and non-diabetic bloods of the same 
sugar concentration show almost equal rates of glycolysis. In 
the second place, the glycolytic rate is much faster in diabetic 
blood than in normal blood brought to the same sugar concentra- 
tion by the addition of glucose. The glycolysis rates of diabetic 
bloods Nos. 5, 6, 7, 9, and 10, Table II, are appreciably greater 
than the glycolysis rates of the corresponding normal bloods 
fortified by glucose (Table V). 


3 Denis and Giles (1), p. 741, 
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Enzyme Inactivation—In common with other enzyme actions, 
glycolysis shows a decreased velocity with successive time inter- 
vals. With the data at hand it would be unprofitable to specu- 
late on the causes of this flattening of the glycolysis velocity curve, 
further than to say that it does not seem to be entirely due to 
exhaustion of the substrate. In blood sample No. 1 (a) (Table V), 
the addition of glucose to the blood after 24 hours incubation was 
not followed by a resumption of glycolysis at the initial rate. 
In this case inactivation of the enzyme was complete and no further 
glycolysis took place even though glucose was added. The cause 
of the unusual effect of oxalates on the glycolytic enzyme and the 
seemingly greater effect of them on diabetic blood remains obscure. 

Little comment can be offered on the results of Thalhimer and 
Perry (2) whose conclusions are so radically different from ours. 
Their data do not include the velocity of the sugar loss during the 
early hours of glycolysis. Until more is known of the conditions 
developing in blood during long periods of incubation, the influence 
of those conditions on the activity of the glycolytic enzyme remains 
uncertain. It would seem desirable in such experiments, to study 
glycolysis during the early hours, at a time when inactivation of 
the enzyme is presumably at a minimum. 


SUMMARY. 


1. The rate of glycolysis in bloods of widely different sugar 
content, incubated at 38°C. under sterile conditions, has been 
determined. 

2. It is shown that the rate of glycolysis varies directly with 
the amount of sugar present but that there is a marked deviation 
from the rate predicted by the monomolecular reaction velocity 
=quation. 

3. No evidence was obtained indicating that there is in diabetic 
blood a diminution of glycolytic power. The effect of potassium 
oxalate in decreasing the rate of glycolysis has been found to be 
especially pronounced in diabetic blood. 
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Oo 
Oil: 
Cod liver. See Cod liver 
oil 


Oleyl lysolecithin : 

(LEVENE and Ro.r) 

681 
Oxidation: 

-Reduction effect, nature 
on acidity of hemoglobin 
(Hastincs, VAN SLYKE, 
NEILL, HEIDELBERGER, 
and HaRINGTON) 

151 

Thiosuccinic acid, optically 
active, and thiosuccin- 
amide to corresponding 
sulfo acids (LEVENE and 


MIKESKA) 685 
Oxygen: 

Blood, oxygen- and base- 

combining _ properties, 


thermodynamic relations 

(Srapre and Martin) 
191 

Oxygenation: 

Base-binding power of 
hemoglobin and, Hill’s 
hypotheses concerning 
the relationship between 


Subjects 


| Oxygenation—continued: 
(Hastines, VAN SLYKE, 
NEILL, HEIDELBERGER, 
and HARRINGTON) 


145 
P 


Pentoses: 

Bacillus granulobacter pec- 
tinovorum, fermentation 
by (Prererson, FReEp, 
and ScHMIDT) 

627 
Phosphate(s) : 

Blood changes and clinical 
symptoms following oral 
administration (SALVE- 
SEN, HastinGs, and 


McIntTosH) 311 
Calcion buffer (KuGeEt- 
MASS) 239 


Pork: 
Proteins, biological value 
for maintenance and 
growth (MiTcHELL and 


CARMAN) 613 
Potassium: 
Sulfosuccinate (LEVENE 


and MIKEsKA) 
689 
Protein(s) : 
Alcohol-soluble (Somoeyt, 
Dotsy, and SHAFFER) 
37 
Amino acids, interrelations 
between, with reference 
to their specific dynamic 
action (Wess and Rap- 
PORT) 513 
Benzoic acid, administra- 
tion with. (CsonKa) 
545 
Dynamic action, relative 
specific (RAPPORT) 
497 
Insulin- (Somoey1, Doisy, 








and SHAFFER) 32 








790 Index 


Protein(s)—continued: 

Isoelectric, contaminating 
(Somocy1, Dorsy, and 
SHAFFER) 36 
Serum, structure of rachitic 
rats, changes while fed 

cod liver oil (EpERER) 
621 
Tungstic acid precipita- 
tion, relation of pH to 
(MERRILL) 257 
Wheat, whole, eggs, and 
pork, biological value for 
maintenance and growth 
(MitcHELL and Car- 


MAN) 613 
Pyrimidine(s) : 
Chemistry (Baupiscu) 
155 


Metabolism (DEvVEL) 
Urine (DEUEL) 752 


R 


Reproduction: 

- Food supply, simplified 
(SHERMAN and Camp- 
BELL) 5 

Ribose: 

Nucleosidase, influence 
(LEVENE, YAMAGAWA, 
and WEBER) 706 

Rickets: 

Serum protein structure of 
rachitic rats, changes 
while fed cod liver oil 
(EpERER) 621 


S 


Serum: 
Blood, calcion buffer value 
(KUGELMASs) 
254 
—, lead compounds in, 
solubility (FArRHALL) 
481 


| Serum—continued: 

Protein structure of rachi- 
tic rats, changes while 
fed cod liver oil 
(EpERER) 621 

Sodium: 

Sulfosuccinate 

and MIKESKA) 


(LEVENE 


689 
Sugar: 
(Dents and Hume) 


603 

Glucose at lower rates, 
sugar excretion curves in 
dogs under intravenous 
injection (FELSHER and 
WoopyatTt) 737 
Uranium nephritis, excre- 
tion in, relation of 
acidosis and _hyper- 
glucemia to (HENDRIX 
and BopANsky) 


657 
| Sulfates: 
| Ethereal, formation (SuHI- 
PLE, MuLDOON, and 
SHERWIN) 59 
Sulfo acids: 
Oxidation of optically ac- 
tive succinic acid and 


thiosuccinamide to 
(LEVENE and MIKEsKA) 
685 


a-Sulfopropionic acid: 
Rotation, optical (LEVENE 
and MIKESKA) 1 
d-a-Sulfopropionic acid: 
(LEVENE and MIKkeskKa) 


? 

| Sulfosuccinate: 
Barium (LEVENE' and 
MIKESKA) 688 
Potassium (LEVENE and 
MIKESKA) 689 


Sodium (LEVENE and 
MIKESKA) 689 

















Sulfosuccinmonoamide: 


and 
691 


d-Barium (LEVENE 
MIKESKA) 


T 


Tetramethyl mannonolactones: 


Isomeric (LEVENE and 
MerYER) 167 
Tetramethyl mannose: 
(LEVENE and MEYER) 
170 


Thermodynamics: 

Oxygen- and base-combin- 
ing properties, thermo- 
dynamic relations 
(Stapre and Martin) 

191 
Thiolactic acid: 

Rotation, optical (LEVENE 
and MrKEsKA) 1 

a-Thiolactic acid: 

(LEVENE and MIKEsKA) 

9 
Thiosuccinamide: 

Oxidation to corresponding 
sulfo acid (LEVENE and 
MIKESKA) 685 

Thiosuccinic acid: 

Oxidation of optically ac- 
tive, to corresponding 
sulfo acid (LEVENE and 
MIKESKA) 685 

d-Thiosuccinic acid: 

(LEVENE and MIKEsKA) 

687 
d-Thiosuccinmonoamide : 

(LEVENE and MIKEsKA) 


691 
Thymine: 
(DEUEL) 753 
Tissue: 


Brain, isolation of arachi- 
donic acid from (WEs- 
SON) 183 


Subjects 











791 


Tungstic acid: 
Protein, tungstic acid pre- . 
cipitation, relation of pH 

to (MERRILL) 257 


U 
Uracil: 
(DEevEL) 756 
Tests, color, for (Bav- 
DISCH) 155 
Uranium: 
Nephritis, relation of 
acidosis and hyperglu- 


cemia to excretion of 

acids, bases, and sugar 

in. (HeNDRIx and Bo- 

DANSKY) 657 

Uric acid: 

Excretion (KOEHLER) 

721 

Problem (Foun, Berra- 
LUND, and Derick) 

361 

Reagent, improvements in 

quality and method of 


preparing (Forty and 
TRIMBLE) 473 
Urine: 
Ammonia, urinary, origin 
(Lors, ATCHLEY, and 
BENEDICT) 491 


Method of analyzing, for 
lead (FArmRHALL) 


485 

Pyrimidine (DEvEL) 

749 
V 
Vitamin A: 

Requirement, chick’s 
(Hart, STEENBOCK, 
Lepkovsky, and Hat- 
PIN) 341 





WwW 


Walden inversion: 
(LEVENE and MIKEsKA) 
1, 685 


Wheat: 

Proteins, whole wheat, bio- 
logical value for main- 
tenance and growth 
(MircHeE.i and CARMAN) 

613 





xX 


d-Xanthosuccinic acid: 
(LeveNE and MrixKeska) 
686 
d-Xanthosuccinmonoamide: 
(LEVENE and MIKesKa) 
690 























